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Abstract 
The increasing prominence of composite materials in the aerospace industry has reached a point at 
which primary structures are now manufactured using these materials. Until recently a reliable 
method of joining composite structures without the use of mechanical or adhesive fastening had not 
been identified. The unique technology known as Thermoset Composite Welding (TCW) is a 
potential solution; patented by the Cooperative Research Centre for Advanced Composite Structures 
(CRC-ACS). TCW allows for the welding of thermoplastic materials to join aerospace grade 
composite materials, consisting of a carbon-epoxy composition. TCW incorporates a thin semi-
crystalline thermoplastic surface film, Polyvinylidene Fluoride (PVDF), as the first ply in a standard 
layup process for prepreg composites. Once the part is cured, a surface is formed that can be welded 
to another like component. 
This PhD thesis is aimed at forming a greater understanding of the welding stage of TCW, providing 
knowledge previously unexplored for this new technology; this includes squeeze flow of PVDF 
polymer melts during welding, transport and removal of trapped air within the welded interface, and 
healing of the mated thermoplastic surfaces. 
This PhD thesis contains a detailed literature review in Chapter 2 presenting the current knowledge 
of squeeze flow of viscous fluids, void transport within composite materials and welded interfaces, 
and healing of semi-crystalline thermoplastic interfaces. The literature review provided initial 
guidance for the numerical squeeze flow analysis and the experimental healing analysis of PVDF 
interfaces. The constituent material properties integral to the understanding of the welding stage of 
TCW are presented in Chapter 3; containing known properties from literature and properties 
measured experimentally. Chapter 3 includes a Differential Scanning Calorimetry (DSC) 
investigation and rheometric study for PVDF at elevated temperatures, and mechanical testing to 
determine the stiffness properties of Hexcel HexPly® M21. The DSC investigation identified the 
temperature at which a fully-amorphous structure is obtained during heating and the temperature at 
which re-crystallisation begins during cooling due to the semi-crystalline nature of the polymer; the 
results provide an indication of the welding time for a fully-amorphous polymer at the thermoplastic 
interface. The rheometric investigation indicated that PVDF polymer melts at elevated temperature 
(between 165-195°C) are shear-thinning. The tensile and flexural stiffness properties of Hexcel 
HexPly® lamina and laminates respectively were found at room temperature and at 185°C. These tests 
indicated that matrix dominated properties were severely reduced at elevated temperature, with fibre 
dominated properties unchanged. Chapter 4 presents a numerical investigation using FEA simulations 
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to model squeeze flow during the welding stage of TCW. Of most importance was determining the 
effect of a number of practical considerations unable to be solved using analytical methods. These 
considerations included: non-Newtonian material properties, spew fillet formation, initial PVDF 
geometry variations, and elastic adherents. The effects of each of these practical considerations were 
seen to have varying effects on squeeze flow within TCW joints; the results indicated that non-
Newtonian material properties and the spew fillet analysis were of most significance. With each of 
the practical considerations and their effects presented, the chapter culminated in an analysis of the 
squeeze flow between the foot of a TCW top-hat stringer and a skin. The difference between the 
simplified cases modelled, and the TCW stringer itself were largely negligible, with the largest 
difference seen in the shape of the spew fillets formed. An experimental investigation into the effect 
of joint width, initial joint surface roughness, and joint rigidity on void migration within the welded 
interface of a TCW joint is presented in Chapter 5. The results of this chapter indicated that for joint 
widths larger than 25mm, a textured initial surface roughness profile provides assistance in removing 
trapped air. This investigation is supported by the findings reported in Chapter 4; as the trapped air 
identified within the 70mm wide welded stringers was observed in the squeeze flow analysis of the 
elastic upper adherents. Chapter 6 presents an experimental investigation into the effect of welding 
temperature and welding time on the quality of a welded interface. Weld quality was measured using 
Single Lap Shear (SLS) specimens to characterise the welded interface. This study was aimed at 
providing recommendations for minimum recommended welding times and temperatures for TCW 
joints. A minimum welding temperature of 185°C and a welding time of at least 40 sec is required to 
form a fully welded interface. It was observed that the welding temperature is the major controlling 
mechanism for the welding of TCW joints, in comparison to the welding time. 
Finally, Chapter 7 provides a detailed summary of the work conducted in this PhD thesis; as well as 
detailing important design recommendations to be applied to the application of TCW to aircraft and 
the aerospace industry in the future. These design recommendations provide an important tool for the 
manufacturing of TCW joints, which until now had not been identified. They also contribute towards 
decreasing the assembly time of composite joints on aircraft, ultimately saving time, money, and 
resources for the end user of this technology. Thermoset Composite Welding is not only restricted to 
the aerospace and aeronautical industries, it is also highly applicable in industries such as automotive 
and rail; ultimately any field in which composites joining is required. 
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Glossary 
Amorphous 
Polymer 
An amorphous polymer is defined by the absence of a crystalline/structured 
phase within the microstructure. Amorphous polymers generally soften 
considerably when heated above the glass transition temperature. 
Fully-Amorphous 
Temperature 
The fully-amorphous temperature is defined as the temperature, during 
heating, at which a polymer has lost any trace of the crystalline phase. The 
fully-amorphous temperature is dependent on the heating rate used. 
Healing Healing describes thermoplastic polymer chain diffusion across an interface 
of two identical polymers. When exposed to elevated temperatures for a 
sufficient length of time, the bulk strength of the thermoplastic polymer is 
regained. 
Lamina A lamina describes a single ply of a composite material, the properties of a 
composite lamina are generally different to the properties of a laminate. 
Laminate A laminate describes a stack of lamina plies. Laminates contain a number of 
plies to tailor the strength and stiffness to specific applications. 
Prepreg Prepreg is short for pre-impregnated. Prepreg composites usually contain 
unidirectional fibres or weaved fabrics which are embedded in a partially 
cured epoxy for easy handling during manufacturing and production. 
Re-Crystallisation 
Temperature 
The re-crystallisation temperature is defined as the temperature, during 
cooling, at which the crystalline phase begins to re-form. The re-
crystallisation temperature is dependent on the cooling ramp rate used. 
Semi-Crystalline 
Polymer 
A semi-crystalline polymer is defined by the presence of a crystalline phase 
present within the microstructure. A semi-crystalline polymer is considered 
to have melted once the crystalline phase has been destroyed. On cooling re-
crystallisation occurs; however, if cooling is rapid enough an amorphous 
structure can be achieved for some semi-crystalline polymers. 
Skin A skin describes the surface of an aircraft whether it be the fuselage or the 
wing. Skins generally are not load bearing and provide the aerodynamic 
profile of an aircraft. The rigidity of skins are almost always increased using 
stiffeners. 
Spew Fillet A spew fillet is formed due to material that is squeezed out of a joint when a 
load is applied, resulting in a bead of material forming at the free edge of a 
joint. 
 xxxii 
Squeeze Flow Squeeze flow is a flow in which a material is deformed between two parallel 
boundaries approaching each other. 
Stringer A stringer is another name for a stiffener used to reinforce a skin to resist 
bending moments. 
TCW Joint A TCW joint is a joint comprised of a CFRP structure, welded together using 
thermoplastic polymers; in comparison to a joining method using adhesives 
or mechanical fastening methods. 
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Chapter 1 Preamble 
1.1 Background and Motivation 
The ascension of the human race into the skies began with the hot-air balloon in 1783 and the arrival 
of the first airship in 1852 [1, 2]. It wasn’t until over 60 years later in 1903 that the first successful 
flight in a powered aircraft was achieved, even if for only 12 seconds. This feat was achieved in the 
Wright Flyer I, developed by the Wright brothers in Kill Devil Hills, North Carolina [2]. Since then, 
flight has enthralled the human race, spectacles such as the Paris Air Show, individual feats such as 
solo flights across the Atlantic Ocean, and air races including the modern Red Bull Championships 
name just a few which whet the appetite of many [2-4]. 
Development of the first commercial passenger airliners began in the 1920s with the release of the 
Boeing 247 in 1932, the Douglas DC 3 in 1935, and the Boeing 307 Stratoliner in 1937. These aircraft 
were all-aluminium constructions with the Stratoliner the first to contain an airtight pressurised cabin 
[2, 5].  Around the 1960s developmental milestones for passenger aircraft began to become less 
frequent, with focus turning towards safety, reliability, cost-effectiveness, fuel-efficiency, and also 
environmental impacts [1, 2, 5, 6]. This marked the beginning of an era of evolution rather than 
revolution for passenger airline design and production. 
Over the past 100 years the forefront of development in aviation has largely been pioneered for 
military applications, including composite materials [1]. In the 1960s and 70s development of 
lightweight fibre reinforced polymer materials for the aviation industry began, with higher specific 
strength and stiffness values than conventional metallic structures being the major advantage [6-8]. 
Composite materials (consisting of at least two physically distinct phases with an interface separating 
them) have provided a significant  area of optimisation for the aviation industry [2, 7]. Initially used 
for secondary or non-critical components, such as tail skins and interior components, composite 
materials in the past few years are now being developed and used on primary structures [6]. Airbus 
was the first commercial airline manufacturer to make extensive use of composite structures. 
Beginning with 5 wt% on the A310-300 in 1985, up to 25 wt% on the A380 in 2005, all making use 
of the advanced properties of composite materials [2, 9]. For example, the new Airbus A350 contains 
a total of 53 wt% composite materials, a huge technological advancement in the aviation industry, 
with some of the largest single aviation carbon fibre parts ever made (see Figure 1.1) [9, 10]. 
The design of composite aerospace structures ranges from simple geometries (e.g. fuselage skin) 
through to complex geometries (e.g. fuselage stiffener), both shown in Figure 1.1. The advantage of 
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composite manufacturing and composite structures is that nearly any geometry can be formed with 
greater ease compared to traditional metallic structures [6, 11]. Composite structures also have the 
capability to be designed with higher specific strength and stiffness-to-weight ratios that cannot be 
obtained with traditional aluminium structures [6-8]. In many cases, the formation of a structure using 
composites reduces the need for a large number of joints leading to greater strength and reliability. 
Joints within composite structures, especially primary structures, are currently viewed as the weakest 
point and prone to unreliability [8]. A joint in a composite structure has a number of significant 
disadvantages including [8, 11-14]: 
 Manufacturing time and cost: the presence of a joint requires a joining method to form a 
complete structure; therefore, the lower the number of joints, the lower the time and cost for 
manufacturing the structure. Additionally, conventional adhesively and mechanically fastened 
joints represent a significant portion of the total assembly time of aircraft. 
 Surface preparation: the reliability of an adhesively bonded joint is highly dependent on the 
surface preparation quality of the surfaces being adhered, as well as, the absence of surface 
contaminations. A major draw-back of adhesively fastened joints is that there is a lack of 
reliable inspection methods for the quality of an adhesive bond. This leads to adhesively 
bonded joints rarely being used in primary structures as the only method of fastening. 
 Stress concentrations: any joint generally forms stress concentrations due to a discontinuity 
in the load transfer between components. The presence of screws, bolts, or rivets further 
increase the degree of a stress concentration within a joint. In composite joints the presence 
of a bolt hole or screw severely inhibits the load bearing capacity of the structure due to 
compressive damage, delamination etc. of the composite material. These mechanical 
fastening methods reduce the increased structural and strength performance provided by 
composite materials. 
Currently in the aerospace industry, Carbon Fibre Reinforced Polymer (CFRP) joints for primary 
structures are being fastened together using both adhesive and mechanical methods of joining [8, 11]. 
Therefore, a method of joining CFRP structures without the use of adhesive or mechanically fastened 
methods would provide a leap forward in assembly methods. 
The development of a joining method which leads to both greater strength and reliability would 
change the landscape for composites joining significantly, possibly marking the beginning of a new 
era of ‘revolution’ in the design and development of passenger airliners. This provides the motivation 
for a greater understanding of Thermoset Composite Welding (TCW). TCW holds many advantages 
over conventional composite joining methods including: the elimination of surface contamination 
issues, the reduction of stress concentrations, and a decrease in manufacturing time and cost [12]. 
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Figure 1.1: Airbus A350 XWB-S15 Composite Fuselage [15] 
1.2 Thermoset Composite Welding (TCW) 
TCW is a new method of joining CFRP structures in which both thermoset and thermoplastic 
polymers are used to form an aircraft structure. The use of thermoplastic materials has become more 
common in the aerospace industry during the past 20-30 years [16-18] with the first applications 
developed in the 1980’s [16]. TCW has been developed and patented by the Cooperative Research 
Centre for Advanced Composite Structures (CRC-ACS). Conventional methods of joining CFRP 
structures is via a combination of adhesives and mechanical fasteners (rivets, bolts, etc.) [11, 19, 20]. 
Due to the disadvantages of both adhesive and mechanically fastened joints, TCW aims to eliminate 
these issues as well as increase production speed [11, 19, 21]. TCW provides a reliable method of 
joining CFRP structures that avoids the draw-backs associated with adhesive and mechanical 
fastening methods. TCW consists of two major steps; co-curing, and welding (Figure 1.2). 
1.2.1 Co-Curing 
The first step, co-curing, is the stage in which the thermoset and thermoplastic polymers are co-cured 
together, forming a laminate with a thermoplastic outer surface which is capable of being welded to 
another such structural component to form a TCW joint. The co-curing step is identical to 
conventional layup methods for CFRP prepreg materials, however, a thermoplastic polymer film is 
added as the first or last ply of the layup process (Step 1 of Figure 1.2). The thermoplastic used for 
TCW joints is Polyvinylidene Fluoride (PVDF) with a typical thickness of 125μm. The structure is 
then cured in an autoclave, subject to the prepreg manufacturer’s specifications, forming the structural 
strength and stiffness of the component and the weldable surface layer. For aerospace grade 
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composites a curing temperature of 180°C is typically used; at this temperature PVDF is above its 
melting temperature and a strong interface is able to form between the prepreg and the thermoplastic 
surface film. 
 
Figure 1.2: TCW Steps: Co-Curing and Welding  
1.2.2 Welding 
Once an individual component has been formed in the co-curing step, it is welded to another structural 
component which has been prepared in the same manner (e.g. a fuselage stiffener to the skin). This 
process is conducted using conventional thermoplastic welding techniques (Step 2 of Figure 1.2). The 
two laminates with the thermoplastic surfaces are mated together, fixed in place, and heated above 
the melting temperature of PVDF to form the welded interface. Welding can be achieved using a 
variety of heating sources. As the pressure required is usually low, a vacuum bag can be used to apply 
pressure during the welding cycle. Currently welding is conducted within an oven with the 
components contained within a vacuum bag, the welding cycle is shown in Figure 1.3. This plot 
shows temperature profiles for an ideal or target welding cycle, compared to a typical welding cycle 
for a real welded specimen. A typical welding cycle consists of a constant rate of heating at ~2°C/min, 
followed by a dwell of 15 minutes at 185°C, followed by a constant rate of cooling at ~2°C/mini. 
Figure 1.3 shows that the actual welding cycle commonly obtained are similar but not identical to the 
ideal cycle. 
                                                 
i It is assumed that during welding the co-cured interface is not affected by the welding cycle, as confirmed by previous 
studies conducted by CRC-ACS. 
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The research presented in this thesis focusses solely on the TCW welding cycle as a greater 
understanding is desired to optimise the welding cycle where possible, further increasing assembly 
speed. 
 
Figure 1.3: Welding Cycles; Temperature (Ideal and Actual), Pressure (Atmospheric Differential) 
1.3 Context 
This PhD project, funded by CRC-ACS, falls under CRC-ACS Project 1.2 ‘Rapid Assembly,’ 
fulfilling the goals set by Activity 20: Understanding Joint Formation in Thermoset Composite 
Welding (TCW) Joints. This research contributes towards a research collaboration formed between 
CRC-ACS and Airbus in July 2010 as a part of the 4th CRC-ACS round of funding. 
The overall goal for TCW is that it achieves a level of maturity deeming it reliable to be used in mass 
production. A rating system called the Technology Readiness Level (TRL) is used to rate technologies 
on a scale from TRL1 (just invented) to TRL9 (ready for entry into service) [22]. It is expected that 
TCW will be used for primary structures on new-generation composite aircraft; therefore, a thorough 
understanding of the processes undertaken in producing TCW joints is vitally important. An 
understanding of both the co-cured interface and the welded interface are critical for the future 
viability of this technology (advancement to TRL9). For example, aircraft skins (e.g. fuselage skin, 
wing skin) are generally reinforced with stiffeners or stringers which are attached using either 
adhesive or mechanical forms of fastening [13], or potentially in the case of TCW, by thermoplastic 
welding. In Figure 1.4 an Airbus A350 XWB CFRP wing skin is shown with approximately 20 
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stringers stretching down the length of the wing, used for the reinforcement of the skin. Figure 1.5 a) 
shows an Airbus A350 fuselage reinforced with approximately 100 stringers around the 
circumference. Additionally, Figure 1.5 b) shows a detailed view of a stringer attached to the fuselage 
skin. The bonded surface between the fuselage and the stringer is seen, representing the area that 
would be replaced by the TCW technology.  Taking into account the full length of a fuselage, the 
wings, and the tail, a single aircraft comprises of a vast number of adhesively bonded surfaces. If each 
of the interfacial surfaces were to be replaced with TCW joints this would contribute towards 
significant cost and time savings, as well as, reducing the complexity of the fastening methods used. 
 
Figure 1.4: Airbus A350 XWB Composite Wing Skin [23] 
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a) 
 
b) 
Figure 1.5: a) Airbus A350 XWB Forward Fuselage [24]; b) Airbus A350 XWB Outer Skin with Stringers [25] 
1.4 Scope 
This thesis will create new knowledge associated with the welding cycle of TCW, with a major 
emphasis on the strength development in the welded interface of TCW joints. Also within the scope 
of this thesis is the squeeze flow of the PVDF polymer melt within the joint, including the formation 
of the spew fillet which can be useful in post-weld inspections. These research topics and others 
presented in this thesis will assist in the development of a fundamental understanding of TCW joints 
for the future certification and implementation of this technology on commercial aircraft. 
It must be made clear that the strength development of the thermoplastic/epoxy interface formed 
during co-curing was not investigated as a part of this PhD thesis. However, comments on this 
interface are made where necessary for the clarity of the research conducted in this thesis. 
1.5 Objectives 
The scope of this PhD thesis will be satisfied by fulfilling the objectives listed below: 
1. To develop a fundamental understanding of weld polymer flow and healing during the 
welding stage of TCW joints 
2. To understand the effect of different factors on flow and healing during welding, including: 
a. Temperature 
b. Pressure 
c. Time 
d. Joint geometry 
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3. To optimise welding processes for greatest efficiency and minimum rework rateii 
4. To minimise possible adverse effects from thermal exposure of adjacent laminates 
5. To advise on practical limits for the size of welded joints under standard welding conditions, 
or, conversely, to advise on requirements for the welding process for unique joint geometries 
6. To examine different welding conditions, and the relationship between: 
a. The conditions necessary to establish acceptable healing of the 
thermoplastic/thermoplastic interface during welding 
b. The conditions necessary for sufficient flow to establish a visible weld bead 
7. To produce a joint formation model which may form the basis of a tool for use by aircraft 
manufacturers 
The fulfilment of these objectives will assist CRC-ACS to develop a greater understanding of TCW 
joints, working towards increasing its TRL level towards TRL9, ‘ready for entry into service.’ 
1.6 Thesis Outline 
In this thesis Chapter 1 provides a background and motivation for the research presented in this 
thesis and identifies the need for a greater understanding of the welded interface in TCW joints for 
the application of this technology in the aircraft industry. 
Chapter 2 reviews the literature related to the research undertaken to form this thesis. Topics include 
squeeze flow with analytical, numerical and experimental techniques covered, void transport within 
thermoplastic and thermoset polymer systems, and polymer healing including theoretical and 
experimental approaches. 
Chapter 3 reviews the material properties of PVDF and Hexcel HexPly® M21 CFRP prepreg for the 
applications presented in this thesis. Included are properties sourced from literature, as well as, 
properties that have been calculated analytically and measured experimentally. Experimental studies 
on PVDF include a Differential Scanning Calorimetry (DSC) study into the melting and 
crystallisation behaviour at different heating and cooling rates, and a rheometric investigation into 
the viscosity at various melt temperatures characterising its behaviour and stability at elevated 
temperature. Experimental investigations into the properties of Hexcel HexPly® M21 prepreg include 
mechanical testing at elevated temperature to measure the stiffness properties of laminates at the 
welding temperature of 185°C. 
                                                 
ii Rework rate: refers to the number of times a part needs to be re-welded if the initial weld does not satisfy manufacturing 
tolerances. 
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In Chapter 4 a detailed analytical and numerical study into the squeeze flow of thermoplastic 
polymer melts within TCW joints during welding is reported. An in depth comparison between 
analytical and numerical methods formed the basis of the numerical validations, followed by further 
numerical studies into a number of cases representing practical considerations that cannot be solved 
analytically. Finally, this chapter reports on the squeeze flow of a TCW joint for a joint between a 
top hat stringer and a flat skin. 
An experimental investigation into the effect of joint width, joint stiffness, and joint surface roughness 
on interfacial void migration is reported in Chapter 5. The results presented in this investigation are 
supported by the findings presented in Chapter 4. Representative stiffeners welded using TCW joints 
were inspected using phased-array NDT inspection methods to identify the presence of trapped air, 
supported by optical microscopy images of the welded interfaces. 
Chapter 6 consists of an experimental investigation into the effect of various welding temperatures 
and welding times on the quality of the welded interface. An experimental regime was formed, tested, 
and used to obtain the results presented in this chapter; the experimental study consisted of Single 
Lap Shear (SLS) testing. This study provides recommendations as to the minimum allowable welding 
time and temperature to achieve a fully welded TCW joint. 
Finally, Chapter 7 provides a summary of the findings of this thesis, reporting on important design 
recommendations to be applied to the application of TCW to the construction of composite aircraft, 
and an outlook for future work that could contribute to a further understanding of the welding stage 
in forming TCW joints. 
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Chapter 2 Literature Review 
2.1 Introduction 
This chapter of the thesis presents background literature forming a foundation for the understanding 
of the research conducted and presented in later chapters. Welding of thermoplastic polymers 
involves the following processes: heat transfer, intimate contact, healing (or autohesion), squeeze 
flow/consolidation, void growth, and polymer degradation [26]. This literature review focuses on and 
is grouped into three main sections; Squeeze Flow, literature related to the modelling of squeeze flow 
of viscous fluids; Void Growth, literature related to the migration and elimination of voids from within 
composite laminates and welded polymer interfaces; and, Healing, literature related to the healing of 
thermoplastic polymer interfaces. Critical aspects of each of these sections pertaining directly to the 
research presented in this thesis are highlighted in their relevant sectionsi. 
Squeeze flow, also identified as upsetting or squeeze films is defined as ‘a flow in which a material 
is deformed between two parallel or nearly parallel boundaries approaching each other’ [27, 28]. 
Stefan and Reynolds [29, 30] first identified the behaviour of squeeze films and published analytical 
solutions in the late 19th century. Analytical solutions are well developed in literature for parallel 
boundaries [31-33], non-parallel flat boundaries [34, 35] and curved boundaries [32]. Analytical 
methods are generally restricted to the analysis of 2D domains containing simple rectangular 
geometries. The analysis of squeeze flow using Finite Element Analysis (FEA) methods are required 
for cases which cannot be solved using analytical methods. The use of FEA methods for the analysis 
of squeeze flow has been most prevalent during the past 20 years as computer-aided methods of 
analysis have developed [27, 36-43]. The analysis of squeeze flows using FEA methods has many 
advantages when compared to analytical methods; these include: greater details in the areas of 
velocity flow fields, pressure fields, the characterisation of the free surface shape (most notably the 
spew fillet), modelling complex geometries, and non-standard boundary conditions. Each of these 
methods of analysis related to squeeze flows have been presented in Section 2.2 for analytical 
methods, Section 2.3 for numerical methods, and a brief review in Section 2.4 for experimental 
methods. Developing an understanding of squeeze flow to apply to TCW joints is important for 
predicting and modelling the interface polymer melt flow; however, it does not provide a complete 
understanding of the processes that occur at the interface during welding. 
                                                 
i This literature review will not discuss in detail heat transfer or polymer degradation as they are not critical to the research 
presented in this thesis. 
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The second main area of the literature review (Section 2.5) is focussed on the presence, identification, 
and removal of interfacial voids within composite laminates and welded thermoplastic interfaces. In 
the literature presented, the majority of studies are related to interfacial voids within multi-layer 
laminates and interfacial voids present during curing. However, these mechanisms are also applicable 
to welded thermoplastic interfaces due to the similarity of the mechanisms present in both systems. 
The major difference between the models presented in the literature and welded TCW joints is that 
only one interface is of concern, not multiple interfaces. An understanding of interfacial voids is 
critical to the optimisation of strength within TCW joints. The review presents reasons for the 
presence of interfacial voids as well as identifying potential mitigation strategies, applicable to 
reducing interfacial voids within TCW joints [44-47]. 
Finally, a review of literature pertaining to the healing (or autohesion) of thermoplastic/thermoplastic 
interfaces is discussed in Section 2.6. A review of both amorphous [26, 48, 49] and semi-crystalline 
[48, 50, 51] thermoplastic polymers and their effects on healing have been discussed. Included in the 
review is a brief discussion on mechanical testing methods that have been employed in literature for 
experimental analyses of healing (Section 2.7). This review provides a deeper understanding of the 
theoretical and experimental background behind healing mechanisms and the critical parameters for 
optimal strength development crucial for progressing TCW towards TRL9. Although the literature 
review focuses on healing, intimate contact has also been discussed briefly; this is due to the strong 
relationship between these two mechanisms and their impact on the overall weld strength. 
This chapter of the thesis provides a detailed background for the squeeze flow studies reported in 
Chapter 4, the air migration experimental work reported in Chapter 5, and the experimental healing 
investigations reported in Chapter 6. Identified also are the various implications that the literature 
review has had upon the research presented in this thesis, seen in Section 2.8. 
2.2 Squeeze Flow - Analytical 
Analytical solutions to squeeze flow problems are capable of modelling a number of scenarios that 
provide a basis for the understanding of squeeze flow during the formation of TCW joints. These 
include squeeze flow between, parallel boundaries, non-parallel boundaries, and curved boundaries. 
Any one of these cases (or a combination) are likely to most accurately represent squeeze flow in 
TCW joints. These methods of analysis provide useful results up to a certain degree of complexity. 
The analytical methods are able to provide a method of validating the initial, simplified FEA 
simulations as it would be difficult to determine the validity of a simulation without a comparative 
model. 
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Some of the first analytical models developed for squeeze flows were published by Stefan and 
Reynolds [29] in the late 19th Century. The initial assumptions that were made to form analytical 
solutions to the squeeze flow of viscous fluids are: 
i. Neglecting gravitational and inertial terms 
ii. Isoviscous, incompressible, Newtonian fluid 
iii. Thickness of the squeeze film is small compared with the plate dimensions 
iv. No slip at the boundaries between the fluid and the solid 
v. No surface tension effects 
These assumptions made over 100 years ago still hold true in the analysis of squeeze flow for TCW 
joints. Although, a number of these assumptions have since been incorporated into analytical 
solutions, for cases such as squeeze flow with full or partial slip; yet, these assumptions provide a 
reliable representation of TCW joints [52]. These assumptions apply to round and elliptical plates, as 
well as finite rectangular plates and infinite length rectangular plates [29]. Assumption iii that 
assumes the thickness is small compared with the plate dimensions helps to minimise inertial effects 
(Assumption i). Inertial and gravitational effects are eliminated based on an order of magnitude 
analysis; in Equation 2.1 (non-Newtonian linear momentum equation, with 𝑥-component denoting 
the direction of motion of the incompressible fluid) [33] the inertial terms are all grouped together 
identified by the 𝜕𝑣𝑥 terms, and the gravitational term is identified by the 𝑔𝑥 term [53]. Additionally, 
the normal stress (or viscoelastic) effects are neglected due to an order of magnitude analysis (the 
terms of the LHS of Equation 2.1 identified by 𝜕𝜏𝑥𝑥/𝜕𝑥) [33, 53, 54]. And, 𝜏𝑧𝑥 = 0 as it is assumed 
that for thin films with infinite length that the velocity in the length direction is zero (𝑣𝑧 = 0) [33]. 
Taking into account the assumptions discussed, neglecting inertial, gravitational, and normal stress 
terms, Equation 2.1 is reduced to Equation 2.2 also known as the Reynold’s lubrication equation [53]. 
The remaining terms in Equation 2.2 relate to the pressure gradient (−𝜕𝑝/𝜕𝑥) and the in-plane stress 
(𝜕𝜏𝑦𝑥/𝜕𝑦). 
 −
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𝜕𝜏𝑥𝑥
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𝜕𝜏𝑦𝑥
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𝜕𝜏𝑧𝑥
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𝜕𝑥
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𝜕𝑣𝑥
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 −
𝜕𝑝
𝜕𝑥
+
𝜕𝜏𝑦𝑥
𝜕𝑦
= 0 2.2 
Equation 2.2 forms the basis for analytical squeeze flow solutions. The simplest analytical 
representation of squeeze flow found in literature is for parallel plates. Squeeze flow between two flat 
parallel plates is commonly found in two forms: parallel discs [53-61], and infinite length parallel 
plates [31, 33, 60]. This literature review focuses on infinite length plates; this is due to the nature of 
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the geometry of TCW joints. Flow along the length of joint is negligible for TCW joints due to the 
very large length-width ratio; therefore, the assumption of infinite length is accurate for the majority 
of the length of a jointii. The analysis of squeeze flows between parallel plates is generally simplified 
further by implementing a symmetric boundary condition (dividing the domain into two equal halves, 
by splitting the domain seen in Figure 2.1 in two), a method commonly used when analysing squeeze 
flow using FEA methods (see Section 0). 
 
Figure 2.1: Infinite Length Parallel Plate Flow, Showing the Plane of Symmetry for Analytical Squeeze Flow (𝑧-
direction out of page) 
Included in the analysis is the interaction between the adherents and the fluid itself. There are three 
boundary conditions that occur between the fluid and the adherents, these are: 1) frictionless, 2) partial 
slip, and 3) no-slip [40, 42, 52, 62-66]. For the analysis of squeeze flow in TCW joints it is assumed 
that a no-slip boundary condition is present during squeezing; this is due to the strong interface formed 
between the thermoset polymer and the thermoplastic polymer during co-curing [67]. The no-slip 
condition assumes that there is no movement between the liquid molecules and the adherent at the 
fluid-structure interface [63]. All analytical squeeze flow solutions presented from here on include a 
no-slip fluid-structure boundary condition. 
2.2.1 Infinite Length Parallel Plates 
The flow of a viscous material between two infinite parallel plates is the best analytical representation 
of squeeze flow within TCW joints due to the geometric similarities. In an infinite length parallel 
plate, flow is assumed to only occur across the width of the joint and not along the length of the joint. 
For TCW joints, the length to width ratio is at the least 40, but commonly well above 100 supporting 
the infinite length assumption. Fuller [60, 68] begins the analysis of parallel plates from a volumetric 
flow rate equation (derived from Equation 1-1, Reference [68]), given by Equation 2.3: 
                                                 
ii The flow conditions at the end of a stringer, which do not relate to ‘infinite length parallel plates’ are discussed in more 
detail in Section 2.2.1. 
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 𝑞 =
Δ𝑃𝑙ℎ3
12𝜇𝑏
 2.3 
where 𝑞 is the volumetric flow rate, Δ𝑃 is the differential pressure, 𝑙 is the length of the joint, ℎ is the 
thickness of the joint, 𝑏 is the width, and 𝜇 is the viscosity. By applying Equation 2.3 to the case of 
infinite length parallel plates, Equation 2.4 is formed [60, 68]: 
 𝑞 =
𝑙ℎ3
12𝜇
𝑑𝑝
𝑑𝑥
 2.4 
where 𝑥 is the position along the width of the joint (flow is in the 𝑥 direction as seen in Figure 2.1). 
Figure 2.1 shows a simplified representation of a TCW joint, as well as the governing parameters 
necessary for calculating an analytical solution. Further derivations lead to the time it takes for infinite 
length parallel plates to sink from an initial thickness of ℎ0 to a final thickness of ℎ1, seen in Equation 
2.5iii: 
 𝑡 =
𝜇𝑏2
2𝑃
[
1
ℎ1
2 −
1
ℎ0
2] 2.5 
Equation 2.5 is rearranged to provide the change in thickness over time, see Equation 2.6iv: 
 ℎ1(𝑡) = √{
2𝑡𝑃
𝜇𝑏2
+
1
ℎ0
2}
−1
 2.6 
In Equation 2.5, 2.6, and 2.10 the pressure, 𝑃, can also be given as a load, 𝑊; where 𝑊 = 𝑃𝐴 and 𝐴 
is the area. A report by Jackson shows squeeze flow equations that contain a non-Newtonian fluid, 
conforming to a power-law model (see Equation 2.7) that have been derived from Equation 2.2 [33]. 
 
𝑃 =
(−ℎ̇)
𝑛
ℎ2𝑛+1
(
2(2𝑛 + 1)
𝑛
)
2𝑘𝑏∗
𝑛+1
𝑛 + 2
 2.7 
where 𝑛 and 𝑘 are power-law parameters, 𝑏∗ is equal to 𝑏/2, and ℎ̇ is the velocity of the upper 
adherent. For the case of a Newtonian fluid, where 𝑛 = 1 and 𝑘 = 𝜇, Equation 2.7 simplifies to 
Equation 2.8 as reported in Reference [60, 68]: 
                                                 
iii For a detailed derivation of Equation 2.5 to 2.10 see page 181 of reference: 
68. Fuller, D.D., Theory and practice of lubrication for engineers. 1984, New York: John Wiley. 
iv Also seen in reference: 
31. Smiley, A.J., M. Chao, and J.W. Gillespie Jr, Influence and control of bondline thickness in fusion bonded joints 
of thermoplastic composites. Composites Manufacturing, 1991. 2(3–4): p. 223-232. 
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 𝑃 =
𝑏2ℎ̇𝜇
ℎ3
 2.8 
Equation 2.7 is significant, as it presents an analytical squeeze flow solution for parallel plates for 
non-Newtonian materials conforming to a power-law model; all models presented up until now had 
considered the fluid as being conformant to a Newtonian material model. The properties and 
behaviour of the fluid under consideration is of great importance; an inaccurate estimation of viscosity 
can significantly affect the results as presented in Figure 2.2, with a change in viscosity (µ) altering 
the results. This also applies to the material model selected; incorrect model selection has the potential 
to significantly affect the accurately of the results produced. 
 
Figure 2.2: Characteristic Curve for Smooth Surface Parallel Plate Flow [29] 
As well as tracking the change in thickness there are other important considerations including the 
pressure distribution across the joint; Fuller [60] defined the pressure distribution across an infinite 
length parallel plate as seen in Equation 2.9: 
 𝑝(𝑥) =
6𝜇ℎ̇
ℎ3
[
𝑏2
4
− 𝑥2] 2.9 
The pressure distribution across a joint is of interest for cases in which the upper adherent is not rigid, 
but elastic and deformable. 
The models presented until now have been concerned solely with infinite length parallel plates. In the 
case where ‘side leakage’ or flow in the length direction is present (𝑣𝑧 ≠ 0), Equation 2.5 to Equation 
2.9 are not accurate for most cases. The effect of the infinite length assumption is assessed through 
the exact solution defined by Hays [32]; with the results presented in Table 2.1 calculated by Fuller 
[32, 68]. A corresponding coefficient (𝐾𝑠) is calculated using the equation presented by Hays in 
Reference [32]; for a select set of joint width-to-length ratios the coefficients are seen in Table 2.1. 
This coefficient is necessary for finite length rectangular plates; the coefficient is applied as a scalar 
to Equation 2.5, seen in Equation 2.10: 
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𝜇𝑏2
2𝑃
[
1
ℎ1
2 −
1
ℎ0
2] 2.10 
Table 2.1: Side Leakage Coefficients for Squeeze Films under Rectangular Plates [68] 
𝒃/𝒍 𝑲𝒔 𝒃/𝒍 𝑲𝒔 
∞ 1.000 0.9 0.380 
10 0.937 0.8 0.330 
8 0.922 0.7 0.275 
6 0.895 0.6 0.225 
4 0.843 0.5 0.175 
3 0.790 0.4 0.120 
2 0.686 0.2 0.075 
1 0.425 0.1 0.010 
The 𝐾𝑠 term in Equation 2.10 effectively reduces the load bearing capacity of the plate undergoing 
squeeze flow. For TCW joints, the 𝑏/𝑙 ratiov is greater than 100 for the majority of joints resulting in 
a 𝐾𝑠 value close to unity. Physically however, planar flow cannot be assumed for the ends of a joint. 
If infinite parallel plates were not assumed there would be a finite amount of flow out of the two ends 
of the joint. Additionally, the load bearing capacity of the joint ends would be reduced resulting in a 
region of increased flow. In the case of TCW joints, an increased region of flow does not reduce the 
joint strength, if anything the additional flow would increase the joint strength in these regions, 
reducing the likelihood of porosity. Therefore, neglecting the flow behaviour at the joint ends does 
not reduce the reliability of the results presented in this thesis. 
2.2.2 Non-Parallel Plates 
In literature non-parallel plates take two forms, these are angled flat adherents (one adherent is angled 
in comparison to the other) as seen in Figure 2.3 a) and curved adherents (whether it be a concave or 
convex curvature) as seen in Figure 2.3 b). 
                                                 
v The 𝑏/𝑙 ratio is calculated by dividing the length, 𝑙, by the width, 𝑏; resulting in values greater than 100 for very long 
joint in comparison to the width. For continuity with literature, the presented form ‘𝑏/𝑙’ for the ratio has been kept instead 
of altering to the following: 𝑙/𝑏. 
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a) b) 
Figure 2.3: Non-Parallel Squeeze Flow Configurations: a) Angled Flat Adherents [29], b) Curved Plates (LHS: Convex, 
RHS: Concave) [32] 
Angled flat adherents are one type of non-parallel plate, these cases arise when there is misalignment 
between the two adherents with an angle of attack, 𝛼 (Figure 2.3 a)); adherents are unlikely to be 
perfectly parallel unless setup with care [34]. Additionally, if the upper adherent under loading is free 
to rotate a torque, Ω, causes the plates to return towards a parallel configuration (𝜃(𝑡) < 𝛼) [29, 34]. 
As well as this, non-parallel squeeze flow leads to a higher rate of thickness reduction than for parallel 
plates [29]. 
In literature, curved adherents and their effects on squeeze flow are not seen in many papers; papers 
written by Hays [32] & Moore [29] are some of the only sources available. These models are of 
interest for TCW joints as it is unlikely that manufactured components are perfectly flat due the layup 
orientation of the plies forming the composite structure, the thermal expansion coefficient difference 
between PVDF and epoxy, and the elastic nature of the upper adherent. 
It has been stated by Hays that the effects of curvature are insignificant if the amplitudevi of the 
adherent curvature (defined as 𝛿 in Figure 2.4) is less than a tenth of the minimum film thickness 
[32]. However, if the amplitude of the curvature is greater than this there is a significant effect on the 
squeeze flow observed. An example of the thickness evolution over time is seen in Figure 2.4, a) 
concave adherent, and b) convex adherent. Figure 2.4 shows the effect of a curvature amplitude of 𝛿 
= 0.0001 inch, 5% of the initial thickness (ℎ0); with its effects on the thickness evolution seemingly 
insignificant. For a curvature amplitude of 𝛿 = 0.001 and 𝛿 = 0.005, 50% and 250% of the initial 
thickness respectively; a much more significant effect on the thickness evolution compared to flat 
parallel adherents was shown. The rate of thickness reduction for the two adherents is increased, 
regardless of whether the plate is concave or convex [29]. Even though the two plots seen in Figure 
2.4 are for finite plates, the theory behind the plots applies to both finite and infinite plates. 
                                                 
vi Plate amplitude δ (see in Figure 2.4) is defined as the depth of the plate curvature, the distance in the 𝑦 direction (as 
defined by Figure 2.1) between the highest and lowest point on the curved plate. 
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a) b) 
Figure 2.4: Film Thickness versus Time Curve, a) Concave Plate; b) Convex Plate 
2.3 Squeeze Flow – Numerical 
Modelling squeeze flows using numerical methods is of high interest as flow fields are complex and 
are not fully understood using analytical methods of analysis [27]. The use of numerical methods 
within commercial FEA packages has been identified in a number of journal papers. Two of the most 
commonly used programs include ABAQUS and ANSYS Polyflow [27, 36, 43, 69-71]. The research 
presented in Chapter 4 related to the numerical modelling of squeeze flow using FEA methods used 
the FEA package MSC Marc/Mentat due to its availability and its capability to accurately and 
efficiently model non-linear behaviours present in squeeze flows [72]. 
All of the significant journal papers identified in this review reduce the flow domains to a simple 2D 
representation of squeeze flow (including 2D axisymmetric and planar flow) [73]; this allows for a 
reduction in complexity of the model, in turn increasing computational efficiency. 3D models have 
not been discussed in detail as the flow in the length direction of a TCW joint is deemed negligible 
for a significant portion of the joint lengthvii. 
The use of FEA for the modelling of TCW joints is vital for a deeper understanding of thermoplastic 
polymer melt flow within the joint as analytical solutions cannot effectively model complexities 
present in a real joint. A few advantages of modelling squeeze flow using FEA methods are as 
follows: 
                                                 
vii See the concluding paragraph of Section 2.2.1 for a greater discussion. 
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 Effectively modelling the free surface shape (spew fillet) of the fluid being squeezed out of 
the joint 
 Velocity and pressure fields can be effectively calculated 
 FEA simulations have the capability to solve models containing changing boundary 
conditions (e.g. an initially parallel, elastic adherent) 
 FEA simulations can successfully implement and solve any material model 
The aim of this section of the literature review is to determine what modelling parameters are best 
suited to the analysis of squeeze flow within TCW joints using FEA methods. 
2.3.1 Analysis Methods 
Throughout the past 20 years many methods of analysis for modelling fluid flow in computational 
FEA packages have been developed [74, 75]. This review aims to determine which methods of 
analysis are best suited to numerically model squeeze flow of PVDF within TCW joints. There are a 
number of Finite Element Methods (FEMs) of analysis that have been presented in literature for 
modelling fluid-structure interactions including Lagrangian [36-38, 74, 76-78], Eulerian [74, 79, 80], 
arbitrary Eulerian-Lagrangian (ALE) [74, 77, 79, 81] and Level Set Methods (LSM) [82]. Volume of 
Fluid (VoF) methods have also been identified for the investigation of squeeze flows within Single 
Lap Shear (SLS) joints [83]. 
Lagrangian representations allow the mesh to move with the motion of the fluid, after each step it is 
possible to determine the location of the fluid particles, even when remeshing is used [76]. Figure 2.5 
shows the element density for a Lagrangian squeeze flow case in which the high displacement regions 
containing a higher mesh density, reducing the possibility of forming singular elementsviii during 
deformation [36, 84]. This method of analysis has been used by Debbaut to represent the free surface 
boundary shape as seen in Figure 2.6 a) and b) [36]. For simulations in which free surface 
characterisation is of importance, Lagrangian representations are suited to modelling the free surface 
as they continually update and maintain the exact position of the internal and external fluid particles 
[36-38, 76]. For example, the free surface shape is shown in Figure 2.6 a) for a number of loading 
periods; also included are horizontal material lines which are tracked indicating a phenomenon known 
as ‘fountain flow’ seen in injection moulding processes [36]. Figure 2.6 b) shows the material 
displacement using initially vertical lines with a clear indication that the core of the sample is 
squeezed out of the joint in the axial direction. This is important for the analysis of squeeze flows 
                                                 
viii A singular element is defined as an element which is non-convergent due to sharp element corners, caused by large 
element deformations. See reference: 
84. Frei, W. How to Identify and Resolve Singularities in the Model when Meshing. 2013  [cited 2014 16th 
December]; Available from: http://www.comsol.com/blogs/how-identify-resolve-singularities-model-meshing/. 
Section 2.3  Squeeze Flow – Numerical 
22 
within TCW joints as any trapped voids are likely to be located within the core. The ability of 
Lagrangian methods to describe the flow of the internal nodes, while also characterising the free 
surface boundary is advantageous and highly applicable to the modelling of TCW joints. 
 
Figure 2.5: Squeeze Flow Finite Element Analysis Mesh [36] 
 
 
a) b) 
Figure 2.6: Lagrangian FEA Squeeze Flow– Tracking Material Lines: a) Horizontal Tracking Lines, b) Vertical 
Tracking Lines [36] 
Generally, pure Eulerian methods involve a fluid region where the mesh remains stationary in 
comparison to the fluid motion; however, this is not the case for an arbitrary Eulerian-Lagrangian 
(ALE) representations [76]. Eulerian methods have been identified as a method for modelling fluid 
flow as they much more effective at simulating large deformations. Eulerian methods require the free 
surface position to be calculated using additional numerical algorithms to trace the free surface, 
additional to the algorithms required to solve the flow behaviour. These methods have been identified 
as a potential method for analysis of squeeze flow, however as they do not provide a simple method 
for determining the free surface flow they are not discussed in detail. ALE representations combine 
the advantages of Eulerian methods which fix the computational mesh eliminating mesh deformation 
issues with large strain, and the advantages of Lagrangian methods which provide continual updating 
of the free surface shape. ALE representations allow for mesh deformation, yet they do not fall into 
the Lagrangian field as the fluid velocity generally differs from the mesh velocity [39]. However, 
there are some difficulties with implementing an ALE representations due to the difficult problem of 
calculating the mesh velocity as its determination is highly dependent on the problem being modelled. 
Lewis [85, 86], and Karapetsas and Tsamopoulus [39] have used ALE methods for the analysis of 
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squeeze casting and the analysis of squeeze flow between parallel discs, respectively. In the paper by 
Karapetsas and Tsamopoulus, the ALE representation developed was successfully validated against 
past studies [87, 88]. Figure 2.7 shows the evolution of the yield surface over time, also showing the 
free surface profile. It should be noted that at the line of symmetry (LHS of Figure 2.7 a), b), and c)) 
there is a small region at the fluid-structure interface that acts as a rigid solid; as time progresses this 
region decreases in size [39]. This yield surface is not expected to be seen in the FEA of squeeze flow 
within TCW joints. 
 
Figure 2.7: ALE FEA Squeeze Flow – Evolution of the Yield Surface and the Free Surface Profile: a) t = 0.2, b) t = 0.4, 
c) t = 0.6 [39] 
2.3.2 Implicit vs. Explicit 
In FEA there are two solution techniques known as the implicit and explicit method [69, 70, 89]. In 
both the implicit and explicit techniques the aim is to calculate the next time step from 𝑡 to 𝑡 + Δ𝑡. 
The time integration scheme by which the next time step is calculated differs between the two 
techniques. The implicit technique calculates the state of the system at the later state 𝑡 + Δ𝑡 using 
information at the current state 𝑡 and the later state 𝑡 + Δ𝑡; whereas an explicit technique calculates 
the state of the system at the later stage by using information at the current state 𝑡 only [90]. It has 
been identified that with the large number of unknown variables involved in computational fluid 
dynamics, implicit techniques are generally used as a coupled set of equations in the form of a matrix 
to be solved, providing the most computationally efficient solution [91]. In general, explicit 
techniques are suited to the resolution of instability problems (very short time scales) or when the 
constitutive equations to form a solution become too complex to efficiently calculate the matrices 
using implicit methods. 
There are a number of issues that are of concern for both implicit and explicit techniques. The major 
issue with the implicit technique is a failure to converge, however they allow for significantly larger 
time steps than compared to explicit solutions allowing for greater efficiency [91]. This may be due 
to a number of factors; however the most common factor is due to the difficulty of modelling non-
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linear systems [90, 92]. Limitations associated with the implicit technique are overcome is some cases 
by using the explicit technique, including the lack of precision for fluid problems due to most 
integration schemes used for explicit methods [92]. Explicit techniques are applicable in cases where 
highly non-linear behaviour cannot be successfully modelled using an implicit technique. When using 
explicit dynamics the stable time increment can have a large influence on the overall computational 
time [69]. Therefore, explicit techniques are generally used for modelling very short time scales 
simulations, e.g. impacts. For cases where explicit methods are necessary for longer time periods 
there are two methods for reducing the computational time; these are: mass-scaling and load-factoring 
[43, 93]. 
In some papers methods of combining implicit and explicit techniques have been used. Lewis [85] 
shows a simulation where this technique is adopted; the free surface flow of the material was 
calculated using an explicit technique and the fluid flow was calculated using an implicit technique. 
From the journal papers reviewed, the robustness and efficiency of implicit codes was clear; in 
summary the following references used an implicit solution scheme: [27, 36-39, 41], and the 
following used an implicit-explicit scheme: [85, 86]. For example, Adams [27] used an implicit 
solution scheme for modelling squeeze flow, validated against experimental solutions with good 
agreement, seen in Figure 2.8. Additionally, the results presented in Figure 2.7 have been modelled 
using an implicit iterative solution scheme to achieve convergence at each time step; as mentioned 
earlier this method was successfully validated against previously published papers. 
 
Figure 2.8: Force-Displacement Curve Comparing the Computed Solution using Implicit Methods (dashed line) and 
Experimentally Measured Results (solid line) [27] 
2.3.3 Elements 
The type of element used in FEA simulations has a major effect on the efficiency of the simulation 
and accuracy of the results. When choosing an element the approximation function for the calculation 
of the pressure must be at least one order lower than that used for the velocity field [89]. For example, 
Chapter 2  Literature Review 
25 
 
Debbaut [36], Karapetsas and Tsamopoulus [39] and Phan-Thein [41] use linear and quadratic shape 
functions for the pressure and velocity fields respectively. The order differences are required as the 
velocities are interpolated in a quadratic way, and the pressures are interpolated in a linear way [94]. 
Alexandrou uses standard nine-node quadrilateral elements for the calculation of velocity and four-
node elements for the pressure [37, 38]. Part of this study was concerned with the evolution of 
thickness through time with parametric studies conducted for a series of Reynolds numbers (see in 
Figure 2.9). The ability of these type of element types to track the change in thickness is of great 
interest for TCW joints, as well as their ability to model the free surface boundaryix. 
 
Figure 2.9: Effect of the Reynolds Number on the Evolution of the Sample Height [37] 
Elements used for the analysis of viscous incompressible fluids can include either triangular or 
quadrilateral elements (seen in Figure 2.10) [89]. Triangular elements have been used for the analysis 
of flow by Lewis [85], they have also been mentioned by Debbaut [36] to either prevent or delay the 
formation of singular elements during mesh deformation; the use of triangular elements is also 
observed in a textbook written by Zienkiewicz [76]. Karapetsas and Tsamopoulus [39] encourage the 
use of triangular elements for the same reason as mentioned by Debbaut, to conform better to the 
large deformations of the mesh with the types of computational problems found with rectangular 
elements not occurring. For the squeeze flow analysis of TCW joints triangular and rectangular 
elements are both appropriate. 
                                                 
ix See the following reference showing the free surface shape using the types of elements discussed: 
37. Alexandrou, A.N., G.C. Florides, and G.C. Georgiou, Squeeze flow of semi-solid slurries. Journal of Non-
Newtonian Fluid Mechanics, 2013. 193(0): p. 103-115. 
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Figure 2.10: Triangular and Quadrilateral Elements used for the Mixed and Penalty Finite Element Analysis Models 
[89] 
As well as assigning element types, the mesh density of these elements within the model must be 
considered for the analysis of squeeze flow using FEA. Mesh density is always a trade-off between 
computational accuracy and computational efficiency; the higher the density the higher the accuracy, 
and the lower the computational efficiency and vice versa. Debbaut [36] has used a fine mesh at the 
free surface where a greater volume of flow occurs resulting in large mesh deformations (see Figure 
2.5). Adams identified that for the small range of strains analysed (maximum natural strain of 
approximately 𝜀𝑛 = 0.6, corresponding to a thickness reduction of approximately 45%) the 
deformation of the mesh was not sufficient to produce instabilities in the calculations; therefore, 
remeshing was not deemed necessary [27]. However, it is likely that any further deformation of the 
mesh would have required a remeshing technique to overcome instabilities in the calculations as seen 
in Figure 2.11. 
 
Figure 2.11: Computed Displacement Fields (Mesh Deformation) for a Thickness Reduction of 52% Under a No-Slip 
Fluid-Structure Boundary Condition [27] 
Remeshing techniques have been identified as a reliable solution to element distortion due to large 
mesh deformations as identified by Debbaut [36] (maximum natural strain of 𝜀𝑛 = 0.8 observed, 
corresponding to a thickness reduction of 55%).  The continual updating of mesh coordinates due to 
deformation eventually leads to the need for remeshing, as severe mesh deformations lead to the 
formation of singular elements. Remeshing is expected to be necessary for the representation of 
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squeeze flow within TCW joints as the natural strains within a joint in some cases are likely to far 
exceed the cases presented by Debbautx. 
Figure 2.12 shows how remeshing can reduce the likelihood of singular elements forming [95, 96]. 
The remeshing technique used for Figure 2.12 is called adaptive remeshing, in which remeshing only 
occurs if severe element distortion is detected by the solution code. Figure 2.12 shows an initial mesh 
deformed by a rigid die where deformation continues until a limit is reached within one or more 
elements; at this time the meshed domain is reconfigured after which deformation then continues [95, 
97]. 
Even though remeshing techniques are designed for robustness, some specific cases cannot always 
be solved; for example, in a paper by Goshawk [71] the flow of a fluid around fibres could not be 
successfully modelled over the desired time period. In this simulation the fibres were not fully fixed 
which allowed for fibre movement as the fluid flowed around them; the movement of the fibre 
boundaries was not supported by the remeshing technique used (Thompson transformation). 
 
Figure 2.12: Example of Remeshing Severe Mesh Deformations [97] 
For successful modelling, elements which support the unique material properties of a thermoplastic 
polymer melt must be selected. For the case of TCW joints, the element must be capable of supporting 
strain-rate dependence (viscosity dependent on strain-rate, see Section 3.4.3) and incompressibility 
as polymer melts loaded under low pressures exhibit these properties without causing inaccuracies in 
the model [98-100]. Squeeze flow of polymer melts are accurately modelled using rigid-plastic 
                                                 
x Natural strains of 𝜀𝑛 = 1.3 are expected for the modelling of TCW joints, corresponding to a thickness reduction of 
approximately 70%. 
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material models as they assume incompressibility and perfect plasticity when stressed. For the use of 
rigid-plastic material properties in FEA codes an initial estimate for the shear-rate is required as well 
as a shear-rate cut off, below which, the material is modelled as rigid. MSC Marc/Mentat allows for 
the input of material specific properties, capable of modelling experimentally measured shear-rate 
dependant viscosity data. FEA simulations generally do not take viscosity data as an input, therefore, 
the viscosity data needs to be converted into a flow stress (stress dependant on strain-rate). Equation 
2.11  is used for relating the fluid viscosity to a flow stress in the glass forming example shown in the 
MSC Marc User’s Guide [101], where the fluid behaves in the manner expectant of a polymer melt. 
 𝜎𝑠(𝜀̇) = 3𝜇𝜀̇ 2.11 
where 𝜎𝑠 is the flow stress, 𝜇 is the viscosity, and 𝜀̇ is the strain-rate; this equation relates the viscosity 
and the applied strain-rate to the flow stress of the fluid. Additionally, Equation 2.11 is found in a 
textbook written by Prager and Hodge [102] with a factor of 2 shown, not 3; this difference is between 
the true strain and the engineering strain. Equation 2.11 is currently only applicable tor Newtonian 
fluids (linear equation), for a non-Newtonian shear-rate dependent material the viscosity is defined 
as 𝜇(𝜀̇), therefore, Equation 2.12 is formed: 
 𝜎𝑠(𝜀̇) = 3𝜇(𝜀̇)𝜀̇ 2.12 
Equation 2.12 has been introduced as a scalar relation, yet it also are suitable for 3D models when 
equivalent shear strain and shear stresses are used (e.g. Von Mises equivalents). 
2.3.4 Boundary Conditions 
The correct modelling of the boundary conditions has a significant impact on the accuracy of a 
simulation compared to analytical or experimental models. The following boundary condition 
considerations must be understood to accurately model TCW joints: 
 Is the analysis domain finite or infinite? 
 Is the use of a symmetric boundary condition valid to reduce the size of the simulations? 
 What fluid-structure interactions are present? Is it frictionless, partial slip, or no-slip? 
 Is a velocity or load (pressure or force) applied to the plates? Is it applied to one or both of the 
plates? What outputs are necessary for each case? 
Finite plates are generally observed for circular disc squeeze flows [27, 35, 37-39, 41-43], and infinite 
plates are almost always used to analyse the squeeze flow of a domain similar to those seen in Figure 
2.13 [34, 36, 40]. Due to the geometry of a TCW joint, the boundary condition assuming infinite 
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length parallel plates is most applicable. This boundary condition is valid as the amount of flow along 
the length of a TCW joint is negligible compared to the amount of flow across the width. 
The use of symmetric boundary conditions is commonly used in FEA simulations as it reduces the 
size of the model (by at least half), increasing the computational efficiency [70]. If squeeze flow is 
between parallel plates, flow out of either side of the fluid domain is identical, allowing the simulation 
to be halved down the centre (as seen in Figure 2.13). The correct application of these boundary 
conditions leads to computationally efficient FEA simulations [70]. 
 
Figure 2.13: Example of an Infinite Length Parallel Plate Squeeze Flow Domain with a Symmetric Boundary Condition 
Implemented for Squeeze Flow [36] 
There are three different boundary conditions that represent all fluid-structure interactions; these are 
total slip [35, 40, 71, 85, 86, 103], partial slip [27, 39, 40, 42, 43], and no-slip [27, 34, 36-42, 71, 
104]. The type of fluid-structure interaction used has a significant effect on the final results and its 
representation of a real situation. 
The difference between the velocity flow fields of a perfect slip (frictionless) and no-slip interface is 
shown in Figure 2.14. The upper row of diagrams show the overall vector field for the fluid velocity, 
it is clear that a no-slip interface causes a restriction of flow at the fluid-structure interface which is 
not apparent for a perfect slip case. The middle and lower row of diagrams show the vector fields for 
the velocity components, in the radial and thickness direction respectively. The flow restriction at the 
fluid-structure interface is clear when observing the radial flow vectors, this is in agreement with the 
statement made by Debbaut that for a no-slip condition the core of the sample is squeezed out from 
between the adherents. For cases where there is either partial or no-slip occurring at the fluid-structure 
interface, higher squeezing forces are required under a constant velocity condition, compared to a 
frictionless case [27]; Figure 2.15 shows this behaviour. This behaviour is due to localised internal 
shear deformations at the fluid-structure interface; not present for lubricated fluid-structure 
interactions, contributing to the higher squeezing forces [27, 28]. 
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Figure 2.14: Velocity Field and Velocity Component Fields for Squeeze Flows with Perfect Slip and No-Slip [28] 
 
Figure 2.15: Measured Mean True Compressive Stress as a Function of the Natural Strain for: a) the No-Slip Condition, 
b) the Lubricated Wall Condition [27] 
In any finite element package the handling of contact between elements is an important factor when 
producing an accurate simulation. References [36, 40, 89] use a penalty function method for the 
formulation of contact at the liquid/solid interface. The definition of a penalty function method is 
defined in the following paragraphs. Another commonly used method for modelling contact between 
surfaces using FEA is known as the Lagrange multipliers method, known for its accuracy [89, 105]. 
Penalty function methods are most commonly used as they are more computationally efficient 
compared to the Lagrange multipliers method; the two methods differ in the way the potential energy 
function of the contacting surfaces is formulated [105, 106]. The efficiency of the penalty function 
method is based around the addition of a penalty term which includes the stiffness of the contact 
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surface, using the concept that one body imaginarily penetrates the other [105]; the amount of 
penetration is proportional to the contact force being applied [106]. The disadvantage of the penalty 
function method is that it is inaccurate in some cases when compared to the Lagrange method [105]. 
The Lagrange methods controls the contact between two surfaces by controlling the displacements 
and velocities of the boundaries, correcting the displacement and velocity components to ensure that 
penetration is prevented [107]. By implementing this method, Lagrange multipliers are able to 
directly enforce the exact contact constraint, leading to a more accurate representation, yet lengthier 
computational times [108]. 
A squeeze flow model requires either a velocity or load to be applied to one, or both of the adherents 
for squeeze flow to be induced. Generally these boundary conditions are applied to only one plate, in 
some cases neither plate is fixed as seen in Reference [39]. The application of a velocity is known as 
an essential boundary condition and a load is known as a natural boundary condition [89]. A list of 
literature references broken down for these boundary conditions are: velocity [27, 34-41, 43, 71, 85, 
86, 103, 104], and load [37-39, 41, 42]. 
Depending on the method of inducing flow, different outputs are recorded. Debbaut specifically states 
that one of the main features of a squeeze flow analysis is to calculate the evolution of force overtime 
[36]. For example, for a constant velocity case the change in load over time is of interest.  Figure 2.8 
shows the reaction force on the upper adherent due to the squeezing of an elasto-viscoplastic material 
[27]. Whereas, for a constant load case the change in thickness is of most interest. Figure 2.16 shows 
the thickness evolution of a semi-solid slurry under a constant forcexi,xii [37].  
                                                 
xi A thixotropic material shows time-dependant shear-thinning properties, where when loaded under static conditions flow 
can begin to occur (it becomes less viscous). See reference for additional details: 
109. Reiner, M. and S. Blair, Rheology - Rheology Terminology. Vol. 4. 1967, New York: Achedemic Press. 
xii The mean structural parameter presented in Figure 2.16 refers to a simplified microstructural model describing the 
regions of un-yielded and yielded material within the squeeze flow. The closer the mean structural parameter is to unity, 
the greater the area of un-yielded material within the material undergoing squeeze flow; see following reference for more 
details: 
37. Alexandrou, A.N., G.C. Florides, and G.C. Georgiou, Squeeze flow of semi-solid slurries. Journal of Non-
Newtonian Fluid Mechanics, 2013. 193(0): p. 103-115. 
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Figure 2.16: Evolution of the Sample Height (and the Mean Structural Parameter) during Squeeze Flow under Constant 
Load (t measured in seconds [s], parameters presented on vertical axis are both unitless) [37] 
The choice of loading method, whether it be a constant load or velocity condition, is always dependent 
on the case being simulated. For example, the squeeze flow modelling between two parallel plates 
for TCW joints must be modelled using a constant load method as an atmospheric consolidation 
pressure is applied in most cases. Consideration also needs to be made for the loading type, whether 
it is a point load or a distributed load; which again is dependent on the case being simulated [110]. 
For the squeeze flow within TCW joints a distributed load is most appropriate, it does not affect the 
rigid-adherent cases however it is crucial for modelling elastic adherents. 
2.4 Squeeze Flow – Experimental 
For a complete analysis of squeeze flow, experimental studies are reviewed to complement the 
analytical and numerical literature reviewed. Experimental methods are an effective way of validating 
simulations, and identifying potential inaccuracies in a simulation. A number of experimental 
methods of analysis have been identified for the characterisation of squeeze flows between parallel 
plates. 
For experiments in which composite laminates are used, panels with quasi-isotropic layups ensure 
rigidity under pressure without violating the parallel plate assumption is valid. For example, a layup 
of [0/45/90/−45]2s was used by Smiley [31]. Smiley dried PEEK/APC-2 composite samples, with 
a PEI interface, in an oven at 130°C for a period of 48 hours to eliminate any moisture that could 
produce voids during squeezing [31]. 
The majority of journal papers identified in this literature review use parallel discs for experimental 
investigations [53-59], however these are not representative of TCW joints. The methods identified 
in literature could be modified to control, monitor, and record results for TCW joints providing a 
simple method for validation of the FEA simulations produced.  
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It is desired that an experimental method in which both the transient reaction force (under an applied 
velocity [55, 57]) and the transient change in thickness (under an applied load [31, 53, 54, 57-59]) is 
measured during squeezing. A method which requires the final thickness of the joint to be measured 
after squeezing (as seen in Figure 2.17 a)) is deemed a less superior method of recording data, 
however this method is still useful. Experiments that record transient data are usually implemented 
using apparatus which are capable of implementing displacement/load control (such as an Instron 
servo-hydraulic test frames [53, 59]). For an applied load experiment, recording the change in 
thickness is very important. There are a number of methods for measuring displacement including 
crack opening displacement (COD) gauges [57], linear variable differential transformers (LVDT) [58, 
59], and capacitance sensors [59]. For cases which require the interface thickness to be measured 
after squeezing, or when the spew fillet needs to be measured, specimens can be embedded within an 
epoxy resin after which they are grinded and polished. An optical inspection method is then used to 
capture the images as shown by Smiley [31]. Photomicrographs were used to measure the final 
thickness of the interface, and to characterise the shape of the spew fillet (seen in Figure 2.17 a) and 
Figure 2.17 b) respectively). 
In addition to measuring the thickness it is important to ensure that the platens used are perfectly 
parallel at the start and end of the experiment. Deng [59] uses an apparatus that contains a ball joint 
and Shirodkar uses an apparatus with levelling screws, both used for easy alignment of the platens 
[53]. 
It is crucial to use thermocouples for processes in which the temperature is of importance for the 
specimen under investigation. Where possible, thermocouples should be embedded at the interface to 
ensure the most accurate readings guaranteeing that the processing temperature is accurate [31, 57, 
59]. 
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a) b) 
Figure 2.17: a) Illustration of Bondline Thickness Measurement Technique [31]; b) Image of Experimentally Obtained 
Spew Fillet (after 30 minutes) [31] 
2.5 Porosity Formation Mechanisms 
The presence of voids within composite structures is known to degrade the overall strength and 
performance [44-47]. Additionally, voids are the hardest defect in a composite structure to avoid 
during manufacturing,  making the understanding of void reduction very important [45]. Voids within 
composite laminates can cause significant damage, as well as being a source of crack initiation, 
followed by crack propagation [46]. The presence of voids within composites is directly attributed to 
the manufacturing process employed. A maximisation in mechanical strength and strength 
consistency within composites is directly attributed to the minimisation of void contents [111, 112]. 
Void reduction within polymers is commonly achieved using a combination of two mechanisms; 
these are: vacuum evacuation, and consolidation pressure. 
Reduction of voids through vacuum evacuation and applied pressure has been identified in a number 
of journal papers for the curing of composites containing a thermoset polymer matrix [44-47, 111-
115]. The focus of this thesis is on the welding of a single thermoplastic interface; however, literature 
pertaining to void reduction in a single interface could not be found. Literature related to the void 
reduction in thermoset and thermoplastic composite curing holds relevance for TCW joints when 
forming a background understanding of void mechanisms and their causes. The processes described 
in these journal papers are applicable to the welded thermoplastic interface in TCW joints due to the 
rheological similarities between uncured thermoset polymers and thermoplastic polymers in their 
melt state (see Figure 2.18 for a typical viscosity range for thermoset; typical viscosity ranges for 
PVDF melts are presented in Chapter 3, Section 3.4). For void removal to be effective the resin must 
be in a workable viscosity range [112]. 
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Figure 2.18: Thermoset Polymer Viscosities during Curing (Mechanical Spectroscopy Scans of Cure-Hold-Cure 
Cycles) [116] 
Vacuum evacuation is applied via a vacuum pump with the composite part generally enclosed within 
a bag, and consolidation (or external) pressure is generally applied via the use of an autoclave [44-
47, 111, 112], or in the case of a Vacuum Bag Only (VBO) process the atmospheric differential. It is 
important when forming the vacuum bag for vacuum evacuation processes that the bag does not 
contain leaks (punctures, insufficient seals, etc.), also that the vacuum source is capable of pulling as 
close to perfect vacuum as possible. If the bag contains leaks or the vacuum pump pulls insufficient 
vacuum, this leads to components containing higher void contents [45]. Autoclave processes are 
known to impede the growth of voids as well as causing voids to collapse under the applied 
consolidation pressure [47]. Many part manufacturers rely on high autoclave pressures to suppress 
voids as pure vacuum evacuation using a vacuum bag assembly presents a greater challenge for the 
elimination of voids [44]. For the welding of TCW joints, the conventional method of welding is via 
vacuum evacuation only, therefore consolidation pressure is due to the atmospheric differential only. 
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There are four void mechanisms that occur during the curing of thermoset polymers or the welding 
of thermoplastic polymer systems that either leads to the reduction or increase of voids. These are 
void coalescing [44, 45, 47, 113], void migration [113, 114], void bubbling [45, 113, 115], and void 
compression [113-115]. These void mechanisms are common to both uncured thermoset and molten 
thermoplastic materials; the difference being that time has a significant impact for the uncured 
thermoset polymers during curing. A range of suitable literature on these void mechanisms for molten 
thermoplastics used for welding processes is scarce, hence the greater number of sources presented 
for de-consolidation between autoclaved laminates. 
 
Figure 2.19: Void Mechanisms in In-Situ Consolidation [113] 
Void coalescing describes the formation of larger voids when two smaller voids move in a manner 
that the boundaries of each void meet [44, 45, 47, 113]. Void migration describes the movement of 
the voids due to the transport of voids along with the resin, or, transport of the voids relative to the 
flow of the resin [113]. During curing or welding processes heat is generally applied, if volatiles 
and/or dissolved moisture is present this leads to the formation of voids, known as void bubbling [44, 
113]. Finally, void compression causes the collapse of voids due to the consolidation pressure applied 
to the part [113]. 
As an example, Figure 2.20 a) shows the difference in void contents between various vacuum and 
autoclave pressures for a cured carbon fibre epoxy prepreg, and Figure 2.20 b) shows a difference in 
the void diameter with differing bagging vacuum pressures. Figure 2.20 a) shows that the higher the 
consolidation pressure applied by the autoclave, the lower the void content is within the composite. 
However, the better the vacuum being pulled (for a Vacuum Bag Only or VBO process) the larger 
the void diameter seen in Figure 2.20 b); even though the void diameter might increase, the overall 
void content was seen to reduce with a greater vacuum. Therefore, there is a trade-off when using 
vacuum evacuation as it draws out the voids yet the remaining voids increase in diameter. For a 
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thermoset prepreg, vacuum pressure alone would not generally be enough to produce a void content 
of less than 10 percent [111]. 
 
a) 
 
b) 
Figure 2.20: a) Plot of Void Content, Flexural Stress and Flexural Modulus against Applied Bagging Vacuum and 
Autoclave Pressure [111]; b) Plot of Average Void Diameter against Applied Bagging Vacuum, at Atmospheric 
Pressure [111] 
 
 
a) b) 
Figure 2.21: a) Predicted and Measured Void Volume Fractions for VBO and Autoclave Processing as a Function of 
Initial Relative Humidity Exposure [44]; Results of Thermogravimetric Tests for Two Resins Stored at 50% RH and 
85% RH [111] 
The study of void migration presented in Chapter 5 is aimed at understanding void migration due to 
initial surface roughness effects and geometric properties, therefore other potential sources of voids 
should be eliminated. For example, samples that contain significant amounts of dissolved moisture 
leads to the formation of voids when dissolved moisture boils under high heat, causing steam and 
increasing the overall void volume [31, 44, 111]. As the amount of dissolved moisture contained 
within a composite increases linearly, the void percentage increases exponentially [44, 111]. Figure 
2.21 a) shows a combination of low consolidation pressures and high RH leading to greater void 
growth due to dissolved moisture [44]. Figure 2.21 b) shows the effect that dissolved moisture due to 
humidity has on the resultant weight of a composite. The boiling off of the water can cause void 
growth during curing and for TCW joints if this occurs it is likely to be during welding. An example 
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of the final void percentages between VBO and autoclave curing is shown in Figure 2.22, the 
autoclave process shows a considerable difference for all relative humidity (RH) levels. 
 
 
a) b) 
Figure 2.22: a) Micrographs of Laminates Conditioned under Different Initial Relative Humidities and Cured using 
VBO Processing [44]; b) Micrographs of Autoclave Processed Laminates Conditioned under Different Initial Relative 
Humidities [44] 
As the geometries of aeronautical and aerospace components become increasingly complex, 
pathways for void evacuation begin to become more limited [44, 46]. It is expected that for co-cured 
panels voids will not be present (as observed in Figure 2.22 b)); however, it is more likely that voids 
may be present in the welded interface of a TCW joint due to the consolidation pressure differences 
between the co-curing and welding stages. However, new processes have begun to use engineered 
vacuum channels on the surfaces of a prepreg to facilitate air removal [44]. The main cause of voids 
within composites is gases (generally air) and volatiles that become entrapped [115]. When welding 
TCW joints, if the adherents are dried prior to welding it will be assumed that any voids are present 
are due to trapped air within the interface only. The final shape of voids trapped within consolidated 
panels are elongated/elliptical and parallel to the resin flow direction, this is shown in Figure 2.22 
[44, 45, 47]. 
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2.6 Polymer Interfaces 
The mechanisms controlling the welding of thermoplastic polymers are divided into the following: 
heat transfer, intimate contact, healing (or autohesion), consolidation/squeeze flow, void growth, 
polymer degradation [26]. The two mechanisms that control the bondingxiii of the welded interface 
are: intimate contact, elastic and plastic deformation of surface asperities, and healing (or autohesion), 
diffusion of polymer chains at the interface. This section of the literature review covers these two 
mechanisms that occur during the welding of two thermoplastic surfaces together [26, 48, 49]. 
Equation 2.13 shows that the degree of bonding for a thermoplastic interface is a factor of the degree 
of intimate contact and the degree of healing [117, 118]: 
 𝐷𝑏 = 𝐷𝑖𝑐𝐷ℎ 2.13 
where 𝐷𝑏 is the degree of bonding, 𝐷𝑖𝑐 is the degree of intimate contact, and 𝐷ℎ is the degree of 
healing. Intimate contact is the first step in creating a bond between two thermoplastic surfaces that 
have been brought together under heat and pressure which characterises the area of intimate contact 
at any point in time [119-121]. Healing is a process in which polymer chain diffusion governs the 
strength development of a thermoplastic interface [121-123]. For a good quality bond to be formed 
between the polymer surfaces both of these mechanisms must be performed perfectly, or as close to 
perfectly as possible. For the degree of bonding, healing is complete when the strength of the bulk 
material has been regained and the interface is indistinguishable from the bulk material [121, 124]. 
The degree of bonding (which corresponds directly to the development of interfacial strength) is a 
function of processing time (𝑡), processing temperature (𝑇) and consolidation (or applied) pressure 
(𝑃) [48, 50, 51, 125]; characterised by Equation 2.14: 
 𝜎 = 𝑓(𝑡, 𝑇, 𝑃) 2.14 
One parameter of major importance for polymer healing is the reptation time, 𝑡𝑟. The reptation time 
is the governing parameter that controls thermoplastic polymer healing. As the polymer chains are 
physically separate at an interface (at time 0), they are required to diffuse a distance, known as the 
radius of gyration, across the interface to regain the strength of the bulk material [122, 126-128]. 
Therefore, reptation time is the time it takes for the polymer chains to travel the distance of the radius 
of gyration. Reptation time is also a function of temperature, 𝑡𝑟(𝑇); the higher the temperature, the 
lower the reptation time. 
                                                 
xiii In Section 2.6 and Section 2.7, ‘bonding’ and ‘degree of bonding’ is specific to the healing mechanism that occurs 
between two thermoplastic surfaces during welding. 
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To conclude, it has been identified by Butler that the ability to determine whether intimate contact or 
healing is the controlling mechanism is critically important for the analysis of the strength 
development during the welding of two thermoplastic polymer surfaces [121]. The overall degree of 
bonding is influenced greatly by the controlling mechanism of the welding process. The controlling 
mechanism is defined as the mechanism which has the greatest effect on strength development during 
welding. It should also be noted that if the temperature distribution over an interface is not even, some 
portions of the interface may be better healed than others, leading to an uneven strength distribution 
[117]. For example, the formation of intimate contact is generally the rate controlling step for filament 
winding processes as the time over which pressure is applied to a specific point is very short in 
comparison to the TCW welding cycle. Whereas, the welding process for TCW joints contains a 
significant period of time at which a consolidation pressure is applied with polymer healing dynamics 
expected to be the rate controlling step. 
2.6.1 Intimate Contact 
Intimate contact is the first step in forming a bond between two thermoplastic surfaces that have been 
brought together under both heat and pressure [119, 120]. The process characterises the area of 
physical contact with the adjacent surface, as a thermoplastic surface after co-curing always contain 
asperities with complete contact rarely achieved. The creation of perfect contact or full intimate 
contact allows for a fully bonded interface to be formed as molecular diffusion cannot occur at a 
location where the two adjacent surfaces are not in physical contact [120, 129]. For the interface to 
perform with the strength of the bulk material, 100% intimate contact must be produced otherwise 
the maximum bonding strength of the interface cannot be achieved. 
The processing parameters which control intimate contact include; time (𝑡), pressure (𝑃), and 
temperature (𝑇) (which has a direct influence on the viscosity (𝜇)), and the profile of the thermoplastic 
surfaces [50, 121, 129]. The characterisation of the thermoplastic surface profile is where the main 
difference between respective intimate contact models is based. The two main methods of 
characterising a surface in intimate contact are by using: Idealised Rectangular Elements or by the 
Fractal Cantor Set Based Description. 
Dara and Loos [130] developed a model representing the surface of a thermoplastic as a distribution 
of rectangles of differing size. Lee and Springer [48] simplified this model by using rectangular 
elements of the same size as seen in Figure 2.23. The drawback of the two intimate contact models 
mentioned is the fact that they do not use directly measured surface profile data (heights and widths 
of asperities) of the thermoplastic; the parameters in these models (𝑤0 is the spacing between 
asperities, 𝑏0 is the initial asperity width, 𝑎0 is the initial asperity height, 𝑡 is the contact time seen in 
Figure 2.23) are fitted to the experimental data that has been recorded [50, 131-133]. As fitting or 
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tuning experimental data to models can lead to potential errors, a method that describes the 
thermoplastic surface through direct surface measurements is superior. This type of model is known 
as a fractal model which uses direct surface profile measurements, as seen for an AS4/PEEK tow in 
Figure 2.24 a), (fitted to fractal cantor sets, Figure 2.24 b)) in the implementation of the models [50, 
131, 132, 134-136]. As the fractal Cantor model is scale-invariant, the precise accuracy of a particular 
measuring method is not of significant importance [136]. 
 
Figure 2.23: Idealised Representation of Surface Asperities by Periodic Rectangular Elements (before and after) [121] 
 
 
a) b) 
Figure 2.24: a) Surface Profile Scan of an AS4/PEEK Tow; b) Power Spectrum Scan of AS4/PEEK Surface Profile 
[131] 
The idealised rectangular element method, and the fractal cantor set based description have both been 
shown to be reliable ways for modelling intimate contact. Both models also show that perfect intimate 
contact is always difficult to obtain if the required time period has not elapsed. Figure 2.25 shows the 
effect of surface roughness, the greater the value of 𝐷, the fractal dimension, the longer that is required 
under identical conditions, to obtain full intimate contact; this has also been shown in paper reporting 
on rectangular elements [48]. 
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Figure 2.25: Parametric Effects of the Fractal Surface Parameters on the Development of the Degree of Intimate 
Contact [131] 
2.6.2 Thermoplastic/Thermoplastic Interfaces 
For an amorphous polymer interface five stages of healing have been identified [121-123], these 
include: 
1. Surface rearrangement 
2. Surface approach 
3. Wetting 
4. Diffusion (or inter-diffusion) 
5. Randomisation 
Kim and Wool noted that ‘the latter stages of diffusion and randomisation are the most important 
stages…because the characteristic strength of a polymer material appears in these stages’ [123]. 
Assuming that full intimate contact and wettingxiv has been achieved, the inter-diffusion of a polymer 
chain over the interface begins. When two surfaces are brought together above the glass transition 
temperature, 𝑇𝑔, for amorphous polymers the interface slowly dissipates as the polymer chains 
interact; therefore, increasing the bond strength of the interface until it is identical to the bulk [51, 
117, 118, 120-123, 125, 137]. The manner in which a polymer chain behaves at an interface is 
described by five different time stages [122]: 
1. Short-range Fickian diffusion of monomers 
                                                 
xiv For the purposes of the discussion in this section it is assumed that full intimate contact (and wetting) has been achieved; 
for further details on intimate contact see Section 2.6.1. Wetting is a phenomenon that occurs when surface asperities are 
close enough to form intermolecular forces. These intermolecular forces have a large enough effect on the asperities to 
deform them and establish full intimate contact; for a more detailed description of wetting see reference: 
121. Butler, C.A., et al., An Analysis of Mechanisms Governing Fusion Bonding of Thermoplastic Composites. 
Journal of Thermoplastic Composite Materials, 1998. 11(4): p. 338-363. 
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2. Rouse relaxation of entanglements 
3. Rouse relaxation of the whole chain 
4. Reptation 
5. Long-range Fickian diffusion 
These five stages have varying effects on the motion of the polymer chains; however, the most 
important time to take into account in the reptation time, 𝑡𝑟.  The reptation time is given by Equation 
2.15 [138]: 
 𝑡𝑟 =
2𝑅𝑔
2
𝜋2𝐷
 2.15 
where 𝑅𝑔 is the radius of gyration, and 𝐷 is the diffusion coefficient. For the reptation time to be 
calculated the diffusion coefficient needs to be known as well as the radius of gyration. The radius of 
gyration is given by Equation 2.16, and the diffusion coefficient by Equation 2.17 [122]: 
 𝑅𝑔 = (
𝐶∞𝑀𝑗
6𝑀0
)
1
2
𝑏0 
2.16 
 𝐷 =  −
1
2𝑡
𝜕𝑥
𝜕𝑐
∫ 𝑥
𝑐
𝑐0
𝑑𝑐 2.17 
where 𝐶∞ is the characteristic ratio, 𝑀 is the molecular weight of the linear chains, 𝑗 is the number of 
backbone bonds per monomer, 𝑀0 is the monomer molecular weight, 𝑏0 is the bond length, 𝑥 is the 
location of the relative to the Matano interface (at 𝑥 = 0), 𝑐 is the concentration, and 𝑡 is time. The 
three important time scales for polymer chain movement (which are listed from 2-4 in the list above) 
are the Rouse relaxation time – local chain movement (𝜏𝑒), Rouse relaxation time – whole chain 
movement (𝜏𝑅𝑂), and the reptation time (𝑡𝑟) where at least 70 percent of the chain has moved from 
its original tube, or location; a physical representation of these times are shown in Figure 2.26. Each 
of these times are governed by the molecular weight of the polymer being bonded, these are: 
 𝜏𝑒 ~ 𝑀𝑒
2 2.18 
 𝜏𝑅𝑂 ~ 𝑀
2 2.19 
 𝑡𝑟 ~ 𝑀
3 2.20 
where 𝑀𝑒 is the entanglement molecular weight. Generally, the reptation time is much larger than the 
Rouse relaxation time since 𝑀 is typically large. 
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Figure 2.26: Minor Chain Reptation Model; showing Disengagement of a Chain from its Initial Tube. The Emergence 
and Growth of Minor Chain are Shown at the following Times: t1 - Rouse Relaxation Time (local chain movement), t2 – 
Rouse Relaxation Time (whole chain movement), and the Reptation Time, tr [122] 
Figure 2.27 provides a representation of chain relaxation at an interface, shown is an interface before 
and after diffusion. The image on the right-hand side shows a typical formation after a period greater 
than or equal to the reptation time (𝑡𝑟) [122]. 
 
Figure 2.27: Conformations of Two Chains at an Interface Before and After Diffusion [122] 
The stages of healing for a semi-crystalline polymer interface are nearly identical to those of 
amorphous interfaces, excluding crystallisation during cooling [122]: 
1. Surface rearrangement 
2. Wetting 
3. Diffusion (or inter-diffusion) 
4. Crystallisation 
5. Solidification 
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For the bonding of semi-crystalline thermoplastics the polymer must be heated above its melting 
temperature (𝑇𝑚), which differs to an amorphous polymer which only requires the thermoplastic to 
be heated above its glass transition temperature (𝑇𝑔). If the processing temperature is below 𝑇𝑚 then 
diffusion of the polymer chains is severely restricted. Polymer chain movement in semi-crystalline 
polymers is hindered due to the presence of spherulites when healing is attempted below the melting 
temperature [51, 118, 121-123, 125, 137]. 
It is seen in a paper written by Boiko that healing of a crystallisable thermoplastic polymer with a 
crystalline/crystalline interface (PET, 𝑀0 = 15000) healed well below the melting point of the 
material (255°C) results in poor strength when compared to healing of the same polymer with an 
amorphous/amorphous interface; see Figure 2.28 [46, 139]. 
 
Figure 2.28: Shear Strength as a Function of Healing Temperature at amorphous/amorphous and crystalline/crystalline 
PET (M0 = 15000) Interfaces. Healing Time is 30 min. [139] 
This phenomenon observed in Figure 2.28 is due to the manner in which the crystals are structured at 
the crystalline/crystalline interface. In an amorphous polymer, the chains at the interface are free to 
move without much impedance from neighbouring chains. On the other hand, crystalline chains 
cannot more freely due to the presence of spherulites and polymer crystals; therefore, only the chain 
ends have freedom to move and the centres of the chains are largely impeded due to the crystal 
structure [139]. To form a strong interface between two identical semi-crystalline polymer interfaces 
the thermoplastics must be heated above their melting temperature to destroy any residual crystal 
structure causing the impedance, effectively forming an amorphous polymer structure. 
It is expected that the polymer dynamics that apply to amorphous polymers are also applicable to 
semi-crystalline polymers once above the melt temperature. Amorphous thermoplastic healing 
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models have been used for the characterisation of semi-crystalline thermoplastic healing shown by 
Lee & Springer [48] and Yang & Pitchumani [51]xv. 
2.6.3 Healing 
The time it takes for a thermoplastic polymer interface to heal is of the utmost interest for this 
research. As has been mentioned above in Section 2.6.2 there are five different time stages that govern 
the movement of a polymer chain and that it is a highly temperature-dependent process [50, 51, 119, 
122, 128, 140]. The reptation time which governs the time it takes for polymer chain to exit its original 
tube is not only dependant on the molecular weight, but also temperature (𝑡𝑟(𝑇)). 
The dependence of the reptation time on the molecular weight varies depending on the polymer 
diffusion model in use, see Equation 2.19 for the Rouse relaxation time and Equation 2.20 for the 
reptation time. The variance seen between Equation 2.19 and Equation 2.20 is due to the range of 
molecular weights that each of these models are applicable to. Equation 2.19 can only be used for 
polymers which have a molecular weight less than the critical entanglement molecular weight (𝑀𝑐). 
And, Equation 2.20 is for highly entangled polymer melts where the molecular weight is higher than 
the critical entanglement molecular weight [122, 128]. The difference between the two models stems 
from the calculation of the diffusions coefficients; Rouse model – 𝐷𝑅𝑂 ~ 𝑀
−1 [122, 141] and 
Reptation model – 𝐷𝑟𝑒𝑝 ~ 𝑀
−2 [121, 122]. The Rouse model is not valid for polymers with a 
molecular weight above 𝑀𝐶 as it doesn’t take into account properties of the polymer that deal with 
the whole polymer chain (e.g. viscosity)xvi [140]. It is important to note that the Rouse relaxation time 
is still an important part of the healing process until the reptation time begins to dominate strength 
development [122]. 
As the reptation time depends on molecular weight cubed, small changes in the molecular weight of 
a thermoplastic has a significant effect on the reptation time of a thermoplastic polymer [122, 139]. 
Figure 2.29 shows a greater strength has been formed for the lower molecular weight thermoplastic 
polymers compared to the higher molecular weight thermoplastics for identical welding times [139]. 
For example, polystyrene (PS) with an 𝑀 of 245000 and welded to itself at 118°C, the relaxation 
times are 𝜏𝑒 = 10 seconds, 𝜏𝑅𝑂 =21 minutes, and 𝑡𝑟 =1860 minutes [122]. 
                                                 
xv For further details see Figure 2.30 and the associated discussion in Section 2.6.3. 
xvi For a greater discussion into the differences of the Rouse model and the reptation model (formulated by de Gennes) see 
reference: 
140. Halary, J.L., F. Laupretre, and L. Monnerie, Polymer Materials : Macroscopic Properties and Molecular 
Interpretations. 2011, Wiley: Hoboken. 
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Figure 2.29: Shear Strength as a Function of t1/4 for Symmetric Amorphous PET (M0 = 15000 (solid symbols) and M0 = 
76000 (open symbols)) Interfaces at Three Healing Temperatures Relative to the Glass Transition Temperature, Tg 
The overall evolution of strength of a bond is governed by the reptation time as seen in Equation 2.21 
[49-51, 119, 121, 123, 125, 139]: 
 𝐷ℎ(𝑡) =
𝜎
𝜎∞
= (
𝑡
𝑡𝑟
)
1
4
 2.21 
where 𝐷ℎ(𝑡) is the degree of healing as a function of time, 𝜎 is the strength at any time, and 𝜎∞ is the 
bulk strength (the strength obtained after a time equal to or greater than 𝑡𝑟). This relationship is 
applicable for a large range of molecular weights and is applicable in the time range 0 < 𝑡 < 𝑡𝑟 [123]. 
To model a non-isothermal process using the reptation time (𝑡) evaluated at the average temperature 
(𝑇𝑖) (within a specific time interval [𝑡𝑖 , 𝑡𝑖+1]) Equation 2.21 is modified to give Equation 2.22 [50, 
51, 119, 125]: 
 𝐷ℎ(𝑡) =
𝜎
𝜎∞
= [∑ (
𝑡𝑖+1
1 2⁄ − 𝑡𝑖
1 2⁄
𝑡𝑟
∗1 2⁄
)
𝑡 Δ𝑡⁄
𝑖−0
]
1/2
= ∑ (
𝑡𝑖+1
1 4⁄ − 𝑡𝑖
1 4⁄
𝑡𝑟
∗1 4⁄
)
𝑡 Δ𝑡⁄
𝑖−0
 2.22 
As has been mentioned in Section 2.6.2, the parameter that controls healing is the radius of gyration 
(𝑅𝑔) for thermoplastic polymers with a molecular weight greater than the critical entanglement 
molecular weight. However, another phenomenon occurs for high molecular weight thermoplastic 
polymers, defined as seen in Equation 2.23: 
 8𝑀𝑐 < 𝑀 2.23 
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For high molecular weight thermoplastics to develop full healing the polymer chains are not required 
to penetrate the same distance as low molecular weight thermoplastics (𝑀𝑐 < 𝑀 < 8𝑀𝑐) [125]. In 
these cases, the time to develop full healing is defined as the welding time, 𝑡𝑤. Therefore, Equation 
2.21 is re-written as defined in Equation 2.24: 
 𝐷ℎ(𝑡) =
𝜎
𝜎∞
= (
𝑡
𝑡𝑤
)
1
4
 2.24 
where 𝑡𝑤 is the welding time. This equation still does not take into account all of the aspects of 
polymer healing as it is a general statement. Yang and Pitchumani [50, 125] developed a model that 
takes into account first-principle formulations of the reptation processes occurring at a polymer 
interface. This is shown in Equation 2.25: 
 𝐷ℎ(𝑡) = [∫
1
𝑡𝑤(𝑇)
𝑑𝑡
𝑡
0
]
1
4
 2.25 
where 𝑇 is the temperature. The integral is necessary as the time for complete healing to occur is 
influenced by a change in temperature; the higher the temperature, the lower the welding time 
necessary for full healing. This effect is presented in Figure 2.30 b) where an increase in temperature 
of 10°C decreases the necessary weld time by 30%, and an increase of a further 10°C decreases the 
weld time by 49% [51]. 
In a paper written by Lee and Springer [48] a semi-crystalline polymer (PEEK 150P [142]) has been 
used in the experimental models and then fitted to the amorphous polymer healing model. The 
relationship between the degree of healing and the time seen in Equation 2.21 is found to be a valid 
representation of the experimental data as seen in Figure 2.30 a). Equation 2.21 and Equation 2.22 
have been developed for the polymer chain motion of amorphous thermoplastics and cannot be 
directly applied to semi-crystalline polymers. In the journal papers reviewed, this amorphous polymer 
healing theory has only been applied to a few experimental studies for semi-crystalline polymers; 
however, the results have shown a good correlation between semi-crystalline polymers in their melt 
stage and the amorphous polymer theory [48, 51]. Additionally, the mathematical expression seen in 
Equation 2.22 is seen to match experimental analysis conducted by Bastien and Gillespie [143]. 
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a) b) 
Figure 2.30: Degree of Healing Plots for Semi-Crystalline Thermoplastic Polymers: a) Degree of Autohesion as a 
Function of Time for Different Temperatures [48]; b) Measurements of the Welding Time of AS4/PEKK at Isothermal 
Conditions of (a) 370°C, (b) 380°C, and (c) 390°C [51] 
As well as the paper written by Lee and Springer [48], Yang and Pitchumani [51] have also shown 
that PEKK conforms to the relationship 𝐷ℎ has with time (𝑡
1 4⁄ ) as seen in Figure 2.30 b). This allows 
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for the welding time as a function of temperature to be formed as seen in Equation 2.26xvii for PEEK 
[48, 50, 51]: 
 𝑡𝑤 = (
1
44.1
exp
3810
𝑇
)
4
 2.26 
In a study conducted by Plummer it is stated that it is unwise to assume a fully amorphous melt in 
semi-crystalline polymers heated up to, and even beyond the melting temperature, dependant highly 
on the time scales under consideration. This is due to the presence of the crystalline phase at the 
polymer interface, which would severely inhibit the chain movement across the interface. Therefore, 
the amorphous models should neither be discounted nor assumed to be fully true as their validity 
depends highly on the processing parameters used [144]. Therefore, it is expected that the models 
developed for amorphous polymers are applicable to semi-crystalline polymer melts, when above the 
melting temperature (𝑇𝑚), in specific cases. 
2.7 Polymer Healing – Experimental Methods 
Various experimental methods for testing the strength of a welded interface have been presented in 
literature. Mechanical tests are usually the easiest and quickest method for characterising the quality 
of a welded thermoplastic interface. These mechanical tests usually involve a measurement of the 
fracture toughness, 𝐾𝐼𝑐, the critical strain energy release rate, 𝐺𝐼𝑐, or the shear strength, 𝜎𝑠, of the 
interface. These methods exploit the fact that the mechanical strength of an interface is less than that 
of the bulk material if not in full intimate contact or due to partial healing or a combination of both. 
The methods used to experimentally test the strength of a bonded interface are crucial for a full 
understanding of the theoretical models. Table 2.2 summarises the different methods identified in the 
literature for characterising the strength of a welded interface. 
Table 2.2: Experimental Testing Methods to Determine the Quality of a Welded Thermoplastic Interface 
Method Description of Method References 
Fracture Testing 
Mechanical testing methods to determine the fracture 
toughness and the critical strain energy release rate of 
a polymer interface. 
[117, 118, 122, 
124, 144-146] 
Single Lap Shear 
Testing 
Mechanical testing method used to determine the shear 
strength of a polymer interface. 
[50, 51, 119, 
126, 139] 
                                                 
xvii For greater detail into the formulation of Equation 2.26 see reference: 
51. Yang, F. and R. Pitchumani, Healing of Thermoplastic Polymers at an Interface under Nonisothermal 
Conditions. Macromolecules, 2002. 35(8): p. 3213-3224. 
Chapter 2  Literature Review 
51 
 
Method Description of Method References 
Fracture Surface 
Inspection 
Fracture surface inspections involves an analysis of the 
fractured surface (from a fracture or shear test) to 
determine the mode of failure of the interface. 
[26, 124, 145, 
147] 
Non-Destructive 
Testing (NDT) 
Inspection of the interface using methods such as 
ultrasonic pulse echo to determine the degree of 
healing of the interface. 
[131] 
2.7.1 Fracture Tests 
Fracture tests have been used in literature to determine the fracture toughness (𝐾𝐼𝑐) and the critical 
strain energy release rate (𝐺𝐼𝑐) of an interface [117, 118, 122, 124, 144-146]. The fracture toughness 
of the interface is measured by initiating a crack in a specimen with either a thin insert or a crack 
created prior to or after welding with length, 𝑎. These specimens are then loaded in tension with load 
𝑃; this causes energy to be stored at the crack tip and when failure initiates the crack propagates 
through the material [122]. There are many different styles of fracture tests including: Double 
Cantilever Beam (DCB), Compact Tension (CT), Wedge Cleavage (WC), Single Edge Notch (SEN), 
Peel Adhesion, and Blister Tests [122]. 
DCB specimens provide a simple experimental setup for testing of the welded interface between two 
thermoplastic polymers. DCB specimens (seen in Figure 2.31) are used to determine the strain energy 
release rate (𝐺𝐼𝑐), and the fracture toughness (𝐾𝐼𝑐). They are preferred over a wedge test which need 
to take into account the contact friction between the wedge and the notched specimen, increasing the 
complexity of the calculations; these wedges are seen in Figure 2.32. The calculations for the Mode-
I interlaminar fracture toughness for a DCB specimen are solved using the Modified Beam Theory 
(MBT) model [145] seen in Equation 2.27: 
 𝐾𝐼𝑐 =
3𝑃𝛿
2𝑏(𝑎 + |Δ|)
 2.27 
where 𝛿 is the load point displacement, 𝑏 is the specimen width, 𝑎 is the delamination length, and |Δ| 
is the an adjustment parameter for the overestimation of the fracture toughness. 
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Figure 2.31: DCB Specimen Dimensions [145] 
Plummer used DCB specimens in a wedge test setup to determine the critical strain energy release 
rate and the fracture toughness of a bonded interface as seen in Figure 2.32, b) [144]. As well as the 
paper by Plummer et al. [144], Foster and Wool [124] have also used a wedge fracture test seen in 
Figure 2.32, a). 
 
 
a) b) 
Figure 2.32: Wedge Test Setups, a) Wedge Cleavage Test [124]; b) DCB Test Geometry with Constant Crack Opening 
Displacement [144] 
The results of the wedge tests conducted by Plummer are seen in Figure 2.33 and Figure 2.34. These 
results show the effects of welding temperature and welding time on strength development of a semi-
crystalline thermoplastic polymer interface. Figure 2.33 shows the effect of welding at, above, and 
below the melting temperature of a semi-crystalline thermoplastic; the higher the welding 
Chapter 2  Literature Review 
53 
 
temperature, the higher the strength of the interface. This shows that the higher the weld temperature, 
the shorter the reptation time necessary to achieve a fully welded interface. Additionally, Figure 2.34 
shows the effect of welding a thermoplastic polymer for different welding times; the longer the 
welding time, the stronger the interface that is formed. Figure 2.33 and Figure 2.34 also show that if 
a thermoplastic is welded under the correct conditions the bulk strength of the polymer is regained. 
 
Figure 2.33: Bonding of PA12 and iPP under Isothermal and Non-isothermal Conditions for Different Ti – Tm Values: a) 
PA12 [series PA1 and PA2; thold = 60sec, P = 2MPa, and T2 – T1 = 40K (non-isothermal)] and b) [series PP1 and PP2; 
thold = 600sec (isothermal), thold = 42sec (non-isothermal), P = 2MPa, and T2 – Tm = 35K (non-isothermal)] [144] 
 
Figure 2.34: Bonding of PA12 and iPP under Isothermal and Non-isothermal Conditions for Different thold Values: a) 
PA12 [series PA3 and PA4; Ti – Tm = 2K, P = 2MPa, T2 – Tm = 22K (non-isothermal)] and b) iPP [series PP3; Ti – Tm = 
5K, P = 2MPa, and T2 – Tm = 35K (Results Given for Non-isothermal Bonding Only)] [144] 
Kuwata also reports a difference in the load-displacement curves seen for DCB specimens with 
different material layups, see Figure 2.35. The different load-displacement curves recorded pertain to 
specific fabric types used for the reinforcement of the polymer matrix. Figure 2.35 a) shows the load-
displacement curves that would be expected for a satin weave sample; the crack propagation of this 
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specimen is quite unstable. Figure 2.35 b) was for a unidirectional (UD) fabric type where the crack 
propagation was stable once initiated. Finally, the load-displacement curve identified in Figure 2.35 
c) was seen for a number of UD specimens; in these cases once the crack was initiated load cannot 
be maintained yet the crack growth is stable [145]. 
 
Figure 2.35: Classified Load-Displacement Curves: a) Jagged Shape, b) Bow Shape, c) Triangle Shape [145] 
2.7.2 Single Lap Shear (SLS) 
Another method of determining the strength of a welded interface is via a Single Lap Shear (SLS) 
test. SLS specimens have been identified in literature and have been seen to have good correlation 
between the theoretical models for polymer healing, and the degree of healing calculated from SLS 
tests [50, 51, 119, 126, 139]. A representation of a SLS test setup is shown in Figure 2.36, with the 
results from these tests presented in Figure 2.30 b). Additionally, another variation on the SLS test 
was performed by Boiko, in which two thermoplastic strips were welded and then tested in an Instron 
tensile testing system [126, 139]. In all of the SLS tests presented in literature, the degree of healing 
always followed the analytically calculated solutions; this shows that there is a direct correlation 
between the microscopic polymer chain diffusion and the overall macroscopic strength of an 
interface. 
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Figure 2.36: Single Lap Shear Testing Setup [51] 
2.7.3 Fracture Surface Inspection 
The inspection of the fracture surface of a bonded interface is of importance as it shows the mode of 
failure of the interface; it shows if failure is adhesive or cohesive [124]. It has been noted by Foster 
and Wool [124] that if failure is due to chain disentanglements only, the failure should be primarily 
adhesive. In a journal paper written by Kuwata and Hogg [145] the fracture surface of various 
reinforced epoxy systems were inspected using a scanning electron microscope (SEM) to analyse the 
surface profile and morphology. 
2.7.4 Non-Destructive Testing (NDT) 
In the literature review, only one of the papers reported the use of an ultrasonic NDT method for the 
inspection of weld quality [131]. In addition, this journal paper was primarily focussed on the study 
of intimate contact formation, not polymer healing. Ultrasonic NDT methods are most commonly 
applied to the detection of voids and defects rather than the quality of a weld; generally once intimate 
contact has been formed, the ultrasonic response between a partially and fully healed interface would 
be either close to, or impossible to detect. 
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2.8 Summary and Implications 
Due to the broad nature of the literature review presented, the Summary and Implications are 
separated into three distinct sections, pertaining to Chapter 4: Squeeze Flow within TCW Joints, 
Chapter 5: Air Migration Studies, and Chapter 6: Healing Investigations. 
2.8.1 Squeeze Flow within TCW Joints 
The analysis of squeeze flow for TCW joints is best represented using infinite length parallel plates. 
An infinite length assumption is valid as the length-to-width ratio of a TCW joint is likely to be at 
least 40 and most likely 100 and above. Even though some analytical solutions now take into account 
some of the effects negated by Stefan and Reynolds in the late 19th Century, the original squeeze flow 
models developed best suit the initial analytical analysis of squeeze flow within TCW joints [29]. The 
most useful equation for the analysis of squeeze flow within TCW joints is Equation 2.6: 
 ℎ1(𝑡) = √{
2𝑡𝑃
𝜇𝑏2
+
1
ℎ0
2}
−1
 2.6 
Analytical solutions provide an initial indication of the possible squeeze flow behaviour within TCW 
joints. The results provided by these solutions are not expected to fully represent all aspects of flow 
within TCW joints, however, they are relevant for validation of the methodologies used for initial 
numerical solutions as seen in the approach conducted by Goshawk [71], see Figure 2.37. This 
ensures that simulations are capable of modelling the simplified scenarios verifiable using analytical 
solutions using the FEA package MSC Marc/Mentat [72]. 
 
Figure 2.37: FEA Simulation of Squeeze Flow (Symbols) vs. Analytical Solution (Continuous Line) [71] 
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Once the FEA models have been successfully validated with analytical solutions, it is necessary to 
extend the current knowledge by modelling scenarios that cannot be effectively or easily modelled 
analytically. Four examples of practical considerations that must be investigated for a complete 
analysis of squeeze flow within TCW joints include: 
1. The modelling of non-Newtonian, pseudoplastic (or shear-thinning) material properties; 
specific to the PVDF under investigation for TCW joints. The shear-rate dependent viscosity 
material properties of the PVDF melt cannot be neglected if a complete understanding of 
TCW joints is to be formed. As the PVDF melt is shear-thinning, an increase in the thickness 
reduction when compared to Newtonian material models is expected. 
2. The size and shape of the spew fillet during and after welding. The final size and shape of a 
spew fillet provides an indication as to the amount of fluid which has flowed out during the 
welding process. The spew fillet provides a quick and easy verification method that can be 
used by inspectors to assess the quality of the weld. 
3. In a real TCW joint, the initial fluid domain geometry of the polymer melt does not terminate 
within the joint; a half thickness of the thermoplastic within the joint extends beyond the width 
of the upper adherent. This cannot be represented using analytical methods as all models 
reviewed in literature contain initial fluid geometries which are rectangular. 
4. The elastic deflection of the upper adherent that occurs during welding should be modelled to 
provide an accurate representation of the flow dynamics. TCW joints are initially parallel, 
however, during welding the uniformly distributed load will cause the upper adherent to 
elastically deflect. 
A Lagrangian representation of the squeeze flow within a TCW joint is most applicable due to its 
ability to accurately model the free surface; with an implicit scheme likely to provide the most 
computationally efficient solutions [37, 38, 76]. In all cases reviewed, an implicit scheme was used 
due to its ability to effectively and efficiently form a converged solution [27, 36-39, 41]. 
The literature reviewed focussed on squeeze flow between rigid parallel plates. In a couple of cases, 
curved plates (both concave and convex) have been investigated, however this was only identified 
for analytical solutions, not FEA models. The reviewed literature showed a significant gap for FEA 
modelling of squeeze flow in cases where the adherents are not parallel throughout the simulation, or 
where it is required to allow for elastic deformation of the adherent. The behaviour of this elastic 
upper adherent is expected to be representative of a curved plate, more so than an angled flat adherent. 
The research presented in Chapter 4 investigates this gap identified in the literature, modelling each 
of the four identified practical considerations previously discussed. 
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2.8.2 Air Migration Studies 
The literature review presented in Section 2.5 was aimed at understanding void mechanisms during 
curing and welding of thermoset and thermoplastic polymer systems. Through this review important 
considerations have been identified that either inhibit or aid the removal of voids.  
Welding of TCW joints involves consolidation pressure and may also be conducted under a vacuum 
bag. For ideal interfacial strength to be achieved for a TCW joint, moisture content must be kept to a 
minimum as the effectiveness of VBO processes is significantly hampered by the presence of 
dissolved moisture. As VBO processes are highly sensitive to dissolved moisture, specimens used for 
experimentation should be dried prior to welding. This applies to the investigation into air transport 
and removal in TCW joints as they are planned to be welded under VBO conditions (Chapter 5) [44]. 
It is expected that any voids identified within TCW joints (when adherents are dried prior to welding) 
are due to gases (generally air) and volatiles that become entrapped when the two welding surfaces 
are brought into contact [115]. If voids are identified they are expected to be elongated, elliptical, and 
parallel to the resin flow direction [44, 45, 47]; as has been identified in some cases in studies on 
TCW joints previously conducted by CRC-ACS. 
The effectiveness of the VBO only process for different joint width, joint stiffness, and joint surface 
roughness combinations is of significant interest. Therefore, Chapter 5 presents an experimental 
investigation into the existence of voids within the welded interface of TCW joints. 
2.8.3 Healing Investigations 
The theoretical background supporting polymer healing is well understood and has been reported in 
significant depth. However, there still exists gaps which leads to a number of questions pertaining to 
specific polymers, welding conditions, and testing methods. For example, the understanding of the 
reptation time for PVDF polymers is not freely available in literature. 
A number of factors must be taken into account when aiming to determine the reptation time of any 
polymer. These include: 
 The effect of intimate contact: is intimate contact the controlling mechanism for the TCW 
process? 
 The effect of the polymer molecular weight: will the molecular weight of the polymer aid or 
hinder the healing-rate? 
 The polymer type: will the semi-crystalline nature of PVDF affect healing of the interface? 
 The welding process; is the heating and cooling cycle the controlling mechanism for welding 
in the TCW process? What effect does the dwell temperature have on the reptation time? 
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Through the literature review conducted into intimate contact, intimate contact is not expected to be 
a rate-controlling mechanism for the welding of TCW joints. It is assumed that intimate contact is 
achieved before the dwell period is reached (see Figure 1.3) due to the surface profile of the tool 
surface used for welding. 
The molecular weight of a polymer has a significant effect on the reptation time. The higher the 
molecular weight, the longer it takes for the bulk strength of the polymer to be regained (see Equation 
2.20). Therefore, the molecular weight effects the speed at which healing occurs. As the 
manufacturing of TCW joints primarily use one grade of PVDF, a variation in molecular weight is 
not within the scope. 
As PVDF is a semi-crystalline polymer, healing is hindered by the crystalline phase if welding is 
attempted below the melting temperature. However, if welding occurs above the melting temperature 
there should be no crystalline phase to hinder the dispersion of the polymer chain across the interface. 
Additionally, welding occurs well above the melting temperature of PVDF; therefore, once the dwell 
period is reached it is expected that the PVDF structure is fully-amorphous. 
Finally, the effect of the welding process: as has been alluded to in the other factors the welding 
process for TCW joints is likely to have the highest impact on the strength of the welded interface 
and itself could be the rate controlling mechanism. If an appropriate welding cycle is not used, an 
interface with the strength of the bulk polymer properties cannot be achieved. Currently, as TCW 
joints are welded within an oven, the time it takes to heat the joints from room temperature to the 
dwell temperature is expected to be the rate controlling mechanism for TCW joints. However, the 
welding process also has one other very significant effect, and that is the dwell temperature. If the 
TCW welding process does not reach a temperature at which the PVDF has melted, the bulk strength 
may not be regained. Or, it may take a significant time for it to be regained; in which case the chain 
diffusion of semi-crystalline thermoplastic polymers may be the rate controlling mechanism (see the 
difference in welding times in Figure 2.30 b)). It is desired to optimise the welding process to reduce 
exposure of the CFRP to elevated temperatures, minimising the potential of degrading the thermoset 
epoxy within the cured laminate. 
Mechanical Testing 
With a lack of knowledge of the specific material properties required for an analytical analysis of 
PVDF healing and the complexity of analytically calculating the reptation time, an experimental 
method will be employed (presented in Chapter 6). Two methods of mechanical testing for welded 
interfaces have been identified in the literature: these are Single Lap Shear (SLS) and fracture tests 
including: Double Cantilever Beam (DCB) and Wedge Tests (WT). Through the literature review, a 
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comparison has not been made between the results obtained from SLS and fracture specimens welded 
under identical conditions. Chapter 6 will presents the results of SLS tests employed (prEN2243-1 
and AITM 1-0019) [148, 149]. The aim of this investigation is to form an understanding of the 
conditions necessary for full healing of the welded interface formed during the welding stage. 
The aim of these tests will also be to determine experimentally, the reptation time of PVDF. As the 
reptation time is the controlling factor for polymer healing, it would be of great interest and benefit 
to understand this healing parameter, as well as filling an identified gap in literature. With this 
knowledge gained, an understanding of healing for other welding processes is gained without the 
need for further mechanical tests. 
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Chapter 3 Review of Materials 
3.1 Introduction 
The review of materials presented in this chapter covers the relevant background literature related to 
the welding of TCW joints, including an introduction to Polyvinylidene Fluoride (PVDF) (Section 
3.2.1) and Hexcel HexPly® M21 prepreg CRFP (Section 3.2.2). To determine material properties not 
reported in literature, four experimental investigations were undertaken to understand: 
1. The crystallisation behaviour of PVDF exposed to various heating and cooling ramp rates 
2. The rheological behaviour of PVDF tested at various temperatures under various shear-rates 
3. The bending stiffness of M21 laminates at elevated temperature 
4. The mechanical behaviour in tension of M21 lamina at elevated temperature 
These four experimental investigation were undertaken as the behaviours of PVDF and the M21 
prepreg investigated in these studies were previously unknown. These investigations are aimed at 
filling the gap in properties required for the understanding and completion of the studies reported in 
Chapter 4 – Squeeze Flow within TCW Joints, and Chapter 6 – Healing Investigations. 
The crystallinity behaviour of Kynar® 740 PVDF is reported in the Differential Scanning Calorimetry 
(DSC) Investigation in Section 3.3. This study was aimed at determining the fully-amorphous and re-
crystallisation temperatures of PVDF under various heating and cooling ramp rates. These two 
temperatures assist in providing an indication as to the total time that the two PVDF surfaces being 
welded have a fully-amorphous polymer structure, allowing for uninhibited healing. These findings 
are critical for the understanding of healing, and provide a basis for the investigations conducted in 
Chapter 6. 
The Rheological Investigation (Section 3.4) has been pursed to characterise the behaviour of PVDF 
at elevated temperature, specifically, temperatures at and around the current welding temperature 
(185°C) for TCW joints. Currently, the only rheological data available for PVDF is either unreliable 
(due to the variation between two identical specimens) or does not supply data within an appropriate 
shear-rate range (Solvay Solef® data sheets) for accurate FEA modelling of TCW joints. These 
findings provide reliable material data for the accurate numerical modelling of thermoplastic squeeze 
flow within TCW joints (Chapter 4); and importantly, within an applicable shear-rate range present 
within TCW joints. 
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The Mechanical Testing investigations of Hexcel HexPly® M21 were required to determine the 
reduction of the stiffness properties at elevated temperature (185°C).  Two test methods are reported 
to investigate the difference between the flexural stiffness at elevated temperature measured via a 
three-point bend test, and, the flexural stiffness calculated via Classical Lamination Theory (CLT) 
with lamina stiffness properties calculated via tension tests [150-153]. The difference between these 
two test methods is of interest due to difference between the modes of testing (bending vs. tensile), 
as well as, the difference between the room temperature stiffness values calculated via CLT and the 
values measured experimentally. The properties recorded in this study will be used in the FEA 
investigation of squeeze flow to accurately model the adherent behaviour. 
3.2 Constituent Material Properties 
3.2.1 Polyvinylidene Fluoride (PVDF) 
PVDF is the thermoplastic film that is co-cured to the thermoset prepreg laminate in TCW. PVDF is 
a semi-crystalline fluoropolymer which has the chemical structure shown in Figure 3.1 a) [154]. 
PVDF has been highly researched in the past 30 years due to its superior properties in comparison to 
other polymers; for example, Figure 3.1 c) shows that PVDF is inert to a significant number of 
chemicals which other common plastics such as polypropylene (PP) are not.  PVDF has excellent 
mechanical properties, high chemical resistance, good thermal stability as well as high pyro- and 
piezo-electric coefficients [155, 156]. PVDF is now used in a vast number of applications including 
insulating wires, paints and thermal coatings, transducers, and optical fibres. Since the 
commercialisation of PVDF in the mid-1960s and its subsequent widespread use since the 1970s there 
has been significant literature produced pertaining to its durability, leading to a number of further 
areas of investigation including PVDF crystallinity behaviours [157-162]. 
 
 
a) b) 
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c) 
Figure 3.1: a) PVDF Chemical Structure [154], b) Various Crystalline Phases and Modes of Crystallisation of PVDF 
[163] , c) Chemical Resistance of Kynar® PVDF vs. Other Well-Known Plastics at 93°C (200°F) [164] 
PVDF exists in three phases: 𝛼, 𝛽, and 𝛾; these phases are obtained using different manufacturing 
methods as seen Figure 3.1 b) [155, 165]. The 𝛼 phase is obtained easily, always resulting when 
cooled under normal conditions from the melt. On cooling from the melt in the TCW process, PVDF 
crystallises when transitioning into the 𝛼 phase; the crystals formed in the crystalline structure are 
known as spherulites. During cooling the polymer chains begin to arrange themselves in lamellar 
stacks which begin to form into lamella, these lamella only form in the melt. The lamella then grow 
in a radial direction forming circular spherulites as seen in Figure 3.2 [161, 166, 167]. The nuclei of 
a spherulite is generally caused by the presence of foreign particles such as dust, catalyst residue, or 
pigments as seen in Figure 3.2 a) [167]. PVDF spherulites have a diameter of 1-100μm [168]. Figure 
3.2 b) shows the spherulite growth of Polyethylene Oxide (PEO), also known as Polyethylene Glycol 
(PEG). 
 
a) 
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b) 
Figure 3.2: a) Stages in the Formation of a Spherulite from a Stack of Lamellae [167], b) Polarised Light Micrograph of 
Two-Dimensional Spherulites Grown in a Thin Film of Polyethylene Oxide [167] 
PVDF Grade Designations 
It should be noted that it was not possible to use the same PVDF grade and manufacturer for each 
experimental investigation presented in this thesis. This was due to supply issues that were 
experienced shortly after the commencement of the research presented in this thesis (early-2012). 
Every effort was made to ensure that each manufacturer’s grade of PVDF was as close to the original 
PVDF identified for TCW as possible. It has been concluded that the different PVDF materials used 
in this thesis have not affected the quality and consistency of the results presented. As this PhD is 
focussed on the thermoplastic/thermoplastic interface formed during welding, the healing 
performance is expected to be close to identical for each grade. The PVDF manufacturers and grade 
names used for each study are listen in Table 3.1. The physical properties of PVDF used in this 
research are shown in Table 3.2; the similarity of the glass-transition temperature (𝑇𝑔), the peak 
melting temperature (𝑇𝑚), and the peak re-crystallisation temperature between each designation of 
PVDF used in this thesis should be noted. 
Table 3.1: Manufacturers and Grades of PVDF Used in PhD Thesis 
Research Topic Manufacturer Grade Internal CRC-ACS Designation 
Differential Scanning 
Calorimetry 
Arkema Kynar® 740 PVDF K740 120530 PE 10C6021 AR AR 
Rheometric Investigation Solvay Solef
® 9009 PVDF S9009 130201 PE SO SO 
Air Migration Studies Arkema Kynar
® 740 PVDF K740 120901 FM 125 WL AR 
Healing Solvay Solef
® 9009 PVDF S9009 130201 FM 125 AJ SO 
Chapter 3   Review of Materials 
71 
 
Table 3.2: Properties of PVDF used in this PhD Thesis 
Manufacturer Grade Internal CRC-ACS Designation 
𝑻𝒈 
(°C) 
𝑻𝒎 
(°C) 
𝑻𝒄 
(°C) 
Arkema Kynar® 740 PVDF K740 120530 PE 10C6021 AR AR -40 168 143 
Solvay Solef® 9009 PVDF S9009 130201 PE SO SO -38 167 140 
Arkema Kynar® 740 PVDF K740 120901 FM 125 WL AR -40 168 143 
Solvay Solef® 9009 PVDF S9009 130201 FM 125 AJ SO -38 167 140 
3.2.2 Hexcel HexPly® M21 Prepreg 
Fibre-reinforced composite materials with continuous fibres contain two constituents, a continuous 
matrix phase and a fibre reinforcement phase. The high-strength, high-modulus properties of the fibre 
reinforcement controls the tensile and flexural properties of the composite. However, the fibre 
properties are not the only consideration; for example, the matrix performance has a significant effect 
on the interlaminar shear strength properties [169]. When high stiffness properties are required of a 
lamina the most common fibre choice are carbon fibres. Additionally, the polymer matrix resins are 
generally either a thermosetting or thermoplastic polymer, with 80% of composites using the former 
for reinforced plastics and nearly 100% for advanced composites, such as those used in the aerospace 
industry. This is due to their higher stiffness performance especially at elevated temperatures, when 
compared to a thermoplastic matrix option [169]. 
In the aerospace industry the most common form of composites are those made from pre-impregnated 
reinforcement, also known as prepregs. A prepreg is a composite which contains a fibre-
reinforcement phase (either a woven fabric or UD fibres) pre-impregnated into the matrix phase; the 
matrix phase is a partially cured thermoset epoxy, used to improve the layup process. Prepreg 
composites are the chosen material for the aerospace industry as they are optimised for a minimum 
weight-to-performance ratio and maximum mechanical performance [170]. The use of a prepreg 
ensures that the fibres are evenly distributed within the matrix increasing the structural performance 
of the final cured part. 
Hexcel HexPly® M21 prepreg is the composite used for the TCW joints in this thesis; all data 
presented from here on pertains to the UD prepreg lamina given as M21/35%/134/T700GC. This 
designation indicates the M21 resin is used as the matrix constituent, the prepreg contains 35% resin 
content by weight, with 134 gsm fibre weight, and fibre type T700GC. The known mechanical 
properties for this prepreg are given in Table 3.3. 
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Table 3.3: Known M21 Mechanical Properties [171] 
𝑬𝟏𝟏 
(GPa) 
𝑬𝒎 
(GPa) 
𝑮𝟏𝟐 
(GPa) 
𝒌𝒇 𝒌𝒎 
147 3.5 4.7 0.57 0.43 
where 𝐸11 is the tensile modulus of the lamina in the fibre direction, 𝐸𝑚 is the modulus of the matrix 
component, 𝐺12 is the in-plane shear modulus, 𝑘𝑓 is the fibre volume fraction, and 𝑘𝑚 is the matrix 
volume fraction; see Figure 3.3 a) for the lamina coordinate system showing lamina direction 1, 2, 
and 3. The mechanical properties shown in Table 3.3 are only a few of the properties needed to 
conduct a full Classical Lamination Theory (CLT) analysis of a laminate. A laminate layup used by 
CRC-ACS in the manufacture of test stringers is shown in Equation 3.1. The major properties that 
are missing for either a CLT or FEA study to be conducted are the tensile modulus of the lamina in 
the transverse direction 𝐸22, the shear modulus 𝐺23, the in-plane Poisson’s ratio 𝜐12 (x1-x2 plane as 
seen in Figure 3.3 a)), and the out-of-plane Poisson’s ratio 𝜐23 (x2-x3 plane as seen in Figure 3.3 a)). 
 [45 90 135 0 45 0 0 135 0 135 90 45⁄⁄⁄⁄⁄⁄⁄⁄⁄⁄⁄ ] 3.1 
 
 
 
a) b) 
Figure 3.3: Coordinate Systems: a) Lamina [172], b) Laminate [172] 
To calculate the modulus in the matrix direction of the lamina (𝐸22), Equation 3.2 was used [173]: 
 𝐸22 =
𝐸𝑚
1 − √𝑘𝑓(1 − 𝐸𝑚 𝐸𝑓22⁄ )
 3.2 
where 𝐸𝑓22 is the transverse tensile modulus of the fibre. For M21/35%/134/T700GC the transverse 
properties of the T700GC fibre manufactured by Toray Carbon Fibres America Inc. are not freely 
available in literature. However, it is assumed that the T700GC fibre has  very similar properties to 
the T300, T700S, and T700G fibres [174-176]. When using the results presented in a paper by Chamis 
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[173], an 𝐸𝑓22 value for T700GC fibres of 15.9 GPa is estimated from the data provided for T300 
fibres. Using this value, the 𝐸22 value for M21/35%/134/T700GC is calculated as 8.53 GPa. 
Next, to calculate the shear modulus of the lamina, 𝐺23, the shear modulus of the matrix must be 
known, the shear modulus is calculated using Equation 3.3: 
 𝐺𝑚 =
𝐸𝑚(1 + 𝑣𝑚)
2
 3.3 
where 𝐺𝑚 is the shear modulus of the matrix, and 𝑣𝑚 is the Poisson’s ratio of the matrix, assumed to 
be 0.35 as seen for a number of matrix options in the paper by Chamis [173]. Using the known values, 
the shear modulus for the matrix is calculated as being 2.36 GPa. As well as the shear modulus of the 
matrix, the shear modulus of the fibre is required, this again is not provided in literature for the 
T700GC fibre. The Chamis paper [173] was used to assist in the calculation of the transverse shear 
modulus required for the estimation of 𝐺23 of the lamina, 𝐺𝑓23 was estimated to be 3.73 GPa for the 
fibre using the 𝐺𝑓23 values provided by Chamis [173]. 𝐺23 is calculated using Equation 3.4 [173]: 
 𝐺23 =
𝐺𝑚
(1 − √𝑘𝑓(1 − 𝐺𝑚 𝐺𝑓23⁄ ))
 3.4 
For the M21/35%/134/T700GC lamina, 𝐺23 was calculated to be 3.27 GPa. Finally, the Poisson’s 
ratios 𝑣12 and 𝑣23 are required, these are calculated using Equation 3.5 and Equation 3.7; and then 
Equation 3.6 is used to calculate 𝑣21 [173]: 
 𝑣12 = 𝑘𝑓𝑣𝑓12 + 𝑘𝑚𝑣𝑚 3.5 
 𝑣21 =
𝑣12𝐸22
𝐸11
 3.6 
 𝑣23 =
𝐸22
2𝐺23
− 1 3.7 
where 𝑣𝑓12 is the transverse Poisson’s ratio of the fibre. A summary of the properties for the lamina 
are presented in Table 3.4. 
Table 3.4: Summary of Known and Calculated Properties for an M21 Lamina 
𝑬𝟏𝟏 
(GPa) 
𝑬𝟐𝟐 
(GPa) 
𝑬𝟑𝟑 
(GPa) 
𝑬𝒎 
(GPa) 
𝑮𝟏𝟐 
(GPa) 
𝑮𝟐𝟑 
(GPa) 
𝑮𝒎 
(GPa) 
𝒌𝒇 𝒌𝒎 𝒗𝟏𝟑 𝒗𝟏𝟐 𝒗𝟐𝟏 𝒗𝟐𝟑 𝒗𝒎 
147 8.53 8.53 3.5 4.7 3.27 2.36 0.57 0.43 0.27 0.27 0.015 0.14 0.35 
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With the calculation of the properties seen in Table 3.4, all necessary parameters that would be 
required for a FEA using composite elements are provided. The following relationships shown by 
Equation 3.8 and Equation 3.9 should be noted as the lamina is a transversely isotropic material: 
 𝐸22 = 𝐸33 3.8 
 𝑣12 = 𝑣13 3.9 
With knowledge of the material properties developed the laminate stiffness properties for the layup 
presented in Equation 3.1 is calculated. Generally, CLT is used to calculate the in-plane stiffness 
properties of a laminate, however as shown by Barbero [177] CLT results also provide the bending 
stiffness of a laminate. For this, the 𝐷 matrix calculated in CLT is used to determine the bending 
stiffness in each direction, as well as the shear stiffness and the Poisson’s Ratio in bending. Equation 
3.10 to Equation 3.13 have been derived for the bending stiffness and Poisson’s ratio values, initially 
based on the work developed by Barbero (using Wolfram Mathematica to conduct the matrix 
manipulations) [177, 178]. 
 𝐸𝑥
𝑏 =
12(𝐷16
2 𝐷22 − 2𝐷12𝐷16𝐷26 + 𝐷12
2 𝐷66 + 𝐷11(𝐷26
2 − 𝐷22𝐷66))
(𝐷26
2 − 𝐷22𝐷66)𝑡3
 3.10 
 𝐸𝑦
𝑏 =
12(𝐷16
2 𝐷22 − 2𝐷12𝐷16𝐷26 + 𝐷12
2 𝐷66 + 𝐷11(𝐷26
2 − 𝐷22𝐷66))
(𝐷16
2 − 𝐷11𝐷66)𝑡3
 3.11 
 𝐺𝑥𝑦
𝑏 =
12(𝐷16
2 𝐷22 − 2𝐷12𝐷16𝐷26 + 𝐷12
2 𝐷66 + 𝐷11(𝐷26
2 − 𝐷22𝐷66))
(𝐷12
2 − 𝐷11𝐷22)𝑡3
 3.12 
 𝑣𝑥𝑦
𝑏 =
𝐷16𝐷26 − 𝐷12𝐷66
𝐷26
2 − 𝐷22𝐷66
 3.13 
where 𝐸𝑥
𝑏 is the bending stiffness in the 𝑥 direction, 𝐸𝑦
𝑏 is the bending stiffness in the 𝑦 direction, 𝐺𝑥𝑦
𝑏  
is the shear stiffness in bending, and 𝑣𝑥𝑦
𝑏  is the Poisson’s Ratio in bending; see Figure 3.3 b) for the 
laminate coordinate system showing laminate direction 𝑥 and 𝑦. Using CLT, the axial tension and 
bending stiffness properties of a TCW stringer have been determined as seen in Table 3.5 (where 𝐸𝑥 
is the laminate tensile stiffness in the 𝑥 direction, 𝐸𝑦 is the laminate tensile stiffness in the 𝑦 direction, 
𝐺𝑥𝑦 is the shear stiffness in axial tension, and 𝑣𝑥𝑦 is the Poisson’s ratio in axial tension). Both the 
axial stiffness and bending stiffness values have been calculated as they will be compared to the 
measured laminate stiffness properties in Section 3.5 – Mechanical Testing. 
Table 3.5: Laminate Properties for Layup Presented in Equation 3.1 
𝑬𝒙 𝑬𝒚 𝑮𝒙𝒚 𝒗𝒙𝒚 𝑬𝒙
𝒃 𝑬𝒚
𝒃 𝑮𝒙𝒚
𝒃  𝒗𝒙𝒚
𝒃  
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(GPa)  (GPa) (GPa) (GPa) (GPa)  (GPa) (GPa) (GPa) 
65.9 45.0 21.3 0.378 35.2 57.8 23.4 0.297 
3.3 Differential Scanning Calorimetry Investigation 
3.3.1 Specimen Manufacturing 
PVDF specimens to be used in the DSC analysis were exposed to an M21 curing cycle prior to testing 
to reflect the thermal history that the co-cured PVDF surface soon to become part of a TCW joint 
would have experienced prior to welding [179]. The curing cycle that was used is detailed in Table 
3.6. Only Step 4-6 in Table 3.6 were applied to the specimens used in the DSC Investigation as the 
effects of the vacuum and consolidation pressure applied during co-curing were neglected as both fall 
within normal crystallisation conditions (see Figure 3.1 b)).  
Table 3.6: M21 Prepreg Curing Cycle - Typical Autoclave Monolithic Part <15mm Thick [179] 
Step Task 
1 Apply full vacuum (1 bar). 
2 Apply 7 bar gauge autoclave pressure. 
3 Reduce vacuum to a safety value of –0.2 bar when the autoclave 
pressure reaches ~ 1 bar gauge. 
4 Heat-up at 1-3°C/minute to 180°C ± 5°C. 
5 Hold at 180°C ± 5°C for 120 minutes ± 5 minutes. 
6 Cool at 2-5°C/minute. 
7 Vent autoclave pressure when the component reaches 60°C or below. 
It was of interest in this study to understand the transition temperatures for a range of heating and 
cooling rates as well as the conventional rate of 2°C/min. There are five test parameters, 
corresponding to five different heating and cooling rates (see Section 3.3.2). A total of three samples 
were required for each test parameter; with five test parameters under investigation a total of 15 
specimens were required. The DSC machine required a sample mass of 5-10 mg to be loaded into the 
pans. The mass of each sample is shown in Table 3.7. 
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Table 3.7: Sample Masses for DSC Investigation 
Test Run 
Ramp Rate 
(°C/min) 
Mass 
(mg) 
Test Run 
Ramp Rate 
(°C/min) 
Mass 
(mg) 
1.1 20 7.580 3.3 5 8.360 
1.2 20 7.903 4.1 2 7.565 
1.3 20 8.441 4.2 2 9.765 
2.1 10 9.065 4.3 2 7.538 
2.2 10 7.813 5.1 1 8.186 
2.3 10 7.514 5.2 1 8.233 
3.1 5 7.391 5.3 1 9.201 
3.2 5 8.391    
3.3.2 Experimental Methodology 
A DSC1 STARe DSC machine, manufactured by Mettler Toledo was used for this investigation 
[180]. It is capable of measuring heat flow in and out of a sample exposed to isothermal and non-
isothermal conditions. The results are analysed to identify transitions related to morphological or 
chemical changes in the sample. Characteristics such as the change in specific heat capacity, heat 
flow, and transition temperatures are all recorded [181]. All recorded data was exported from the 
Mettler Toledo software into MATLAB for further analysis. 
As this study was aimed at investigating the transition temperatures of PVDF when welding TCW 
joints, the PVDF was exposed to the thermal profile of a TCW weld cycle (the ideal TCW weld cycle 
is shown in Figure 1.3). Conventionally a TCW weld cycle uses a heating and cooling rate of 2°C/min. 
As presented in Table 3.7 ramp rates between 1-20°C/min for heating and cooling were usedi. Testing 
for each DSC cycle always began at 25°C and the temperature was ramped up to 185°C. A dwell of 
15 minutes was maintained at this temperature; once the dwell period was complete samples were 
cooled at the same rate used for heating. Due to an unwanted characteristic identified in the 20°C/min 
ramp rates an alteration was required to the standard thermal profile, this will be discussed in greater 
detail in the Results and Discussion - Section 3.3.3. 
The primary source of data produced by the DSC analysis is the DSC curve which records the heat 
flow within the crucible. For the purposes of this investigation the DSC curve provides four 
parameters for each DSC cycle run, these parameters are: 
 
                                                 
i By monitoring the difference between 𝑇𝑠 (sample temperature) and 𝑇𝑟 (reference sample) during heating and cooling of 
the PVDF specimens the thermal inertia observed. For all specimens tested, it was concluded that thermal inertia did not 
contribute to the differences between the amorphous and re-crystallisation temperatures reported in Section 3.3.3. 
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1. Endothermic Peak Temperature 
2. Fully-Amorphous Temperature (𝑇𝑓𝑎) 
3. Re-Crystallisation Temperature (𝑇𝑅) 
4. Exothermic Peak Temperature 
The endothermic peak temperature and fully-amorphous temperature are determined via the use of 
the endothermic peak, and the re-crystallisation temperature and the exothermic peak temperature are 
determined via the use of the exothermic peak (seen in Figure 3.4). 
 
Figure 3.4: Example DSC Curve for PVDF – 5°C/min Ramp Rate - Sample 3 
3.3.3 Results and Discussion 
Endothermic Peak Temperature 
It was observed that the endothermic peak temperature is insensitive to the range of applied heating 
rates (see Table 3.8). However, as expected the higher the heating rate, the higher the endothermic 
peak temperature. The endothermic peak temperature varied between 169 °C and 171 °C for heating 
rates varying from 1°C/min up to 20°C/min respectively, with a maximum difference of 2.1°C. The 
Coefficient of Variation (CoV) value for each set of data shows consistency between the three 
samples tested for each heating rate. 
The only point of comparison available for the endothermic peak temperature of Kynar PVDF was 
an internal investigation conducted by CRC-ACS. In this study, an endothermic peak temperature of 
Endothermic Peak (Parameter 1 & 2) 
Exothermic Peak (Parameter 3 & 4) 
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168.1°C for a 10°C/min heating rate was recorded (as reported in Table 3.2). The difference between 
the endothermic peak temperatures is explained by the difference in the condition of the PVDF before 
testing; the PVDF in this study was exposed to an M21 cure cycle, whereas the investigation 
conducted by CRC-ACS was in an as supplied condition. Even taking into consideration the 
difference in the conditions of the PVDF, the two values only differ by less than 2°C. 
Table 3.8: Endothermic Peak Temperature Averages 
Heating Rate 
(°C/min) 
Endo. Peak 
Temperature (°C) 
CoV 
(%) 
1 169.1 0.15 
2 169.8 0.24 
5 169.8 0.14 
10 170.0 0.17 
20 171.2 0.50 
Fully-Amorphous Temperature 
One of the major aims of this investigation was to determine the temperature at which PVDF reaches 
a fully-amorphous state during heating, signified by the absence of the crystalline phase. This 
temperature will differ to the endothermic peak temperature which is generally used to signify the 
melting temperature. From known literature the melting point of the PVDF grade Kynar® 740 is 
between 165-170°C [182, 183]. An internal CRC-ACS investigation reported the melting temperature 
for Kynar® 740 to be 168°C; however, in this study the definition of the melting temperature 
commonly used was only applied for the definition of the endothermic peak temperature. During 
heating of the thermoplastic the destruction of the polymer crystals is caused by an endothermic phase 
change, in which the polymer absorbs energy. This absorption of energy takes the PVDF to a higher 
energy state where the polymer structure becomes amorphous as indicated by a reverse peak in the 
DSC curve seen in Figure 3.4. 
The point at which PVDF reaches a fully-amorphous state is indicated by the cessation of heat flow 
within the crucible of the DSC machine. Once heat flow ceases, the crystalline phase within the PVDF 
has been destroyed. Figure 3.6 plots the normalised crystallinity versus temperature for a specimen 
heated at a ramp rate of 10°C/min. The point at which the fully-amorphous temperature is reached 
indicated by the curve reaching zero crystallinity (see inset of Figure 3.6)ii. This methods differs 
slightly to the methods used in ASTM D3418; in this standard the closest definition to the fully-
                                                 
ii As a value of exactly 0 could not be obtained, when the difference between two data point varied by less than 1e-6, this 
was taken as the point of zero crystallinity (minimum values of approximately 2e-6 were observed at the lower limit - 
Figure 3.6). 
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amorphous temperature is the melting extrapolated end temperature, 𝑇𝑒𝑓𝑚 (as seen in Figure 3.5, blue 
box) [181]. This temperature was not used for this study as it does not indicate the exact temperature 
at which the polymer ceases to absorb heat. Knowledge of the exact temperature the crystalline phase 
is destroyed at is required from this study as any presence of the crystalline phase at a 
thermoplastic/thermoplastic interface inhibits the movement of a polymer chain across the interface 
[51, 118, 121-123, 125, 137]. 
 
Figure 3.5: First-Order Transition of Nylon; Blue Box Indicates the Melting Extrapolated End Temperature, Red Box 
Indicates the Crystallisation Extrapolated Onset Temperature [181] 
Figure 3.6 shows that the endothermic heat flow ceases at a temperature of 177.9°C for a 10°C/min 
heating ramp rate. The consistency of the results for Sample 4.1-4.3 for a heating rate of 2°C/min is 
seen in Figure 3.7. The deviation in the curves as they approach zero is due to a variation in the 
endothermic peaks of each respective sample. A variation in the endothermic peak is caused by slight 
differences in the polymer and its individual response to the heating rate. Despite the slight 
differences in the curves, consistent fully-amorphous temperatures were recorded for each sample 
(172.1°C, 173.2°C, and 172.7°C for Sample 4.1, Sample 4.2, and Sample 4.3 respectively). The 
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consistency shown in the 2°C/min heating rate samples was representative of the other heating ramp 
rates conducted in this study. 
 
Figure 3.6: Temperature vs. Crystallinity Loss for Heating Ramp Rate of 10°C/min - Sample 2.1 
 
Figure 3.7: Temperature vs. Crystallinity Loss for Heating Ramp Rate of 2°C/min - Sample 4.1, Sample 4.2, Sample 4.3 
The DSC cycles conducted initially for the 20°C/min heating ramp rates ceased the heating ramp at 
185°C. This resulted in the endothermic peak merging into the dwell period; therefore, preventing the 
Fully-Amorphous 
Temperature 
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possibility of calculating the fully-amorphous temperature. The issue stems from the inability of the 
analysis method to find a reference point for the integration of the endothermic peak. The effect of a 
heating ramp rate of 10 °C/min and 20 °C/min on the DSC curve is presented in Figure 3.8. Figure 
3.8 a) shows a flat linear region after the endothermic peak, whereas, Figure 3.8 b) does not show this 
feature clearly (indicated by the blue box in each figure). This was overcome by heating the PVDF 
specimens exposed to a 20°C/min ramp rate up to 200°C, as opposed to the original 185°Ciii. The 
effect of this change on the DSC curve is seen in Figure 3.9. This technique allowed for the 
endothermic peak to be integrated to produce plots similar to those seen in Figure 3.6 and Figure 3.7. 
 
 
a) b) 
Figure 3.8: Endothermic Peak: a) Typical DSC Curve for 10°C/min Heating Ramp Rate, b) Typical DSC Curve for 
20°C/min Heating Ramp Rate (Unmodified Heating Ramp) 
                                                 
iii Once the ramp reached 200°C, the sample was then cooled to 185°C at the same rate before the dwell period began. 
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Figure 3.9: DSC Curve for 20°C/min Ramp Rate - Sample 1.2 
The normalised crystallinity curves for each heating ramp rate are presented in Figure 3.10, showing 
the point at which the fully-amorphous temperature is reachediv. The resultant fully-amorphous 
temperatures for each heating rate are detailed in Table 3.9v. It is clear that there is a variation in the 
fully-amorphous temperature for each heating ramp rate. The difference between the highest and 
lowest fully-amorphous temperature is 9°C. The inset image in Figure 3.10 gives a clear indication 
of the differences between the fully-amorphous temperatures for each heating ramp rate. 
Table 3.9: Fully-Amorphous Temperature Averages 
Heating Rate 
(°C/min) 
Fully-Amorphous 
Temperature (°C) 
St. Dev. 
(°C) 
CoV 
(%) 
1 173.0 0.29 0.17 
2 172.7 0.48 0.28 
5 173.9 0.54 0.31 
10 176.9 0.88 0.50 
20 182.0 2.13 1.17 
It is observed that as the heating rate is increased the fully-amorphous temperature of the PVDF 
increases. This is due to shorter amount of time the PVDF has to reorganise its crystal structure into 
an amorphous structure. The reduced amount of time allowed for the PVDF to restructure results in 
an increase in the CoV between the samples; this has also been observed by Zhu [184]. The 1°C/min 
and 2°C/min samples fall within the uncertainty of measurement, explaining why the 1°C/min heating 
ramp resulted in a higher fully-amorphous temperature compared to the 2°C/min heating rate. 
                                                 
iv Figure 3.10 only shows the DSC curves for Specimen 1.1, 2.1, 3.1, 4.1, and 5.1; not an averaged curve for each heating 
ramp rate. 
v The point at which the curves reach zero in Figure 3.10 may appear to differ slightly to the fully-amorphous temperatures 
reported in Table 3.9 as these values are the average of three specimens. 
Chapter 3   Review of Materials 
83 
 
 
Figure 3.10: Temperature vs. Crystallinity Loss for Various Heating Ramp Rates 
Each fully-amorphous temperature recorded in this study was found to be higher than the 165-170°C 
melting temperature range reported in the literature [182, 185]. The product data sheet provided by 
Arkema for the Kynar® 740 grade of PVDF used the ASTM D3418 standard to report the melting 
temperature [181]. 
When plotting the fully-amorphous temperature in comparison to the heating ramp rate, it is apparent 
that there is a linear relationship between the two properties (see Figure 3.11). The linear relationship 
is given as seen in Equation 3.14vi: 
 𝑇𝑓𝑎 = 0.4988𝑅ℎ + 171.91 3.14 
where 𝑅ℎ is the heating ramp rate, and 𝑇𝑓𝑎 is the fully-amorphous temperature. The 𝑅
2 value for the 
linear fit is 98.9% for the fully-amorphous temperature, indicating an accurate fit. 
 
                                                 
vi Accurate for a heating ramp rate between 1-20°C. 
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Figure 3.11: Heating Ramp Rate vs. Fully-Amorphous Temperature and Re-Crystallisation Temperature 
Re-Crystallisation Temperature 
The second major aim of this study was to determine the temperature at which PVDF re-crystallises 
for various cooling ramp rates, indicated by the re-formation of the crystalline phase. During cooling 
the PVDF releases energy, signified by the exothermic peak seen in Figure 3.4. When PVDF releases 
heat, the polymer chains within the melt return to a crystalline phase, a lower energy state structure 
for this polymer. PVDF does not remain amorphous when cooled from a melt temperature of 160°C 
or above, even under extreme cooling ramp rates [186]; indicating that re-crystallisation will occur 
for all cooling ramp rates used in this study. The re-crystallisation temperature for Kynar® 740 PVDF 
was not reported in literature. However, past studies conducted at CRC-ACS have indicated that the 
peak crystallization temperature (exothermic peak temperature) for Kynar® 740 PVDF is 142.2°C 
(cooling rate of 10°C/min). As an initial estimate it was expected that re-crystallization would begin 
at a higher temperature than 142.2°C for the majority of cooling rates tested, as the onset of re-
crystallisation always begins prior to the peak crystallisation temperature. 
Figure 3.12 plots the normalised crystallinity versus temperature for a specimen heated at a ramp rate 
of 10°C/min. The temperature at which re-crystallisation begins is identified by the temperature at 
which the curve no longer reads zero crystallinity. The technique used for this investigation differs 
slightly from the methods used in ASTM D3418 as has been mentioned for the fully-amorphous 
temperature [181]. The standard provides a method to determine the crystallisation extrapolated onset 
temperature. However, this study reports the actual onset temperature when crystallisation begins, 
which will begin at a slightly higher temperature. The reason this point was needed is because it 
indicates the temperature at which fully-amorphous healing ceases. As reported for the fully-
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amorphous temperature, knowledge of the exact temperature the crystalline phase begins to form 
during cooling is desired as healing is inhibited below this temperature [51, 118, 121-123, 125, 137]. 
By analysing Figure 3.12 it was seen that the exothermic heat flow begins at a temperature of 148.6°C 
for a 10°C/min ramp rate, indicating the point at which the PVDF melt is no longer fully-amorphous. 
The consistency of the results for Sample 4.1-4.3 for a cooling rate of 2°C/min is shown in Figure 
3.13. Consistent re-crystallisation temperatures were recorded for each sample (153.9°C, 153.9°C, 
and 154.0°C for Sample 4.1, Sample 4.2, and Sample 4.3 respectively). The consistency shown in the 
2°C/min heating rate samples were representative of the other cooling ramp rates conducted in this 
study. 
 
Figure 3.12: Temperature vs. Crystallinity Gain for Cooling Ramp Rate of 10°C/min - Sample 2.1 
The normalised crystallinity curves for each cooling ramp rate, indicating the point at which the re-
crystallisation temperature begins, is plotted in Figure 3.14. The resultant re-crystallisation 
temperatures for each heating rate are seen in Table 3.10. It is clear that there is a variation in the re-
crystallisation temperature for each cooling ramp rate. The difference between the highest and lowest 
fully-amorphous temperature is 16°C. The inset image gives a clearer indication of the differences 
between each heating ramp rate. 
 
Re-Crystallisation 
Temperature 
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Figure 3.13: Temperature vs. Crystallinity Gain for Cooling Ramp Rate of 2°C/min - Sample 4.1, Sample 4.2, Sample 
4.3 
Table 3.10: Re-Crystallisation Temperature Averages 
Cooling Rate 
(°C/min) 
Exo. Peak 
Temperature (°C) 
CoV 
(%) 
1 155.4 0.20 
2 154.0 0.09 
5 150.7 0.21 
10 148.3 0.33 
20 139.7 0.37 
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Figure 3.14: Temperature vs. Crystallinity Gain for Various Cooling Ramp Rates 
Each re-crystallisation temperature recorded in this study was found to be higher than the 143°C peak 
crystallisation temperature reported in the investigations previously conducted by CRC-ACS, 
excluding the 20°C/min cooling ramp rate. The faster the cooling rate, the lower the re-crystallisation 
temperature. This is due to the inhibiting nature of the higher cooling rates; on cooling from the melt 
rapid re-crystallisation begins around 130°C for the formation of the α phase [186]. 
As was observed for the fully-amorphous temperature, a linear relationship was formed between the 
re-crystallisation temperature and the cooling ramp rate with a 𝑅2 value of 99.0%; this is seen in 
Figure 3.11. The linear relationship is given as seen in Equation 3.15: 
 𝑇𝑅 = −0.7946𝑅𝑐 + 155.66 3.15 
where 𝑅𝑐 is the cooling ramp rate, and 𝑇𝑅 is the re-crystallisation temperature. For a cooling ramp 
rate between 1-20°C/min, and for a PVDF sample heated above its fully-amorphous temperature, the 
re-crystallisation temperature is calculated using Equation 3.15. By combining Equation 3.14 and 
Equation 3.15, the total time that the PVDF within the welded interface of a TCW joint is in a fully-
amorphous state is estimated using Equation 3.16vii: 
                                                 
vii Assuming a standard 15 minute dwell time. 
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 𝑡𝑓𝑎[min] = 15 +
185 − 𝑇𝑓𝑎(𝑅ℎ)
𝑅ℎ
+
185 − 𝑇𝑅(𝑅𝑐)
𝑅𝑐
 3.16 
where 𝑡𝑓𝑎 is the fully-amorphous time, and 𝑇𝑓𝑎 and 𝑇𝑅 are functions of the heating ramp rate (𝑅ℎ, 
Equation 3.14) and the cooling ramp rate (𝑅𝑐, Equation 3.15) respectively. Equation 3.16 is seen 
plotted in Figure 3.15. The reason why this is important to understand is that in most cases the higher 
the value of 𝑡𝑓𝑎, the stronger the welded interface (see Equation 2.21) [49-51, 119, 121, 123, 125, 
139]. 
 
Figure 3.15: Ramp Rate (Heating and Cooling) vs. Fully-Amorphous Time (15 minute Dwell Time) 
Exothermic Peak Temperature 
The exothermic peak temperatures are reported in Table 3.11; compared with the endothermic peak 
temperature the exothermic peak temperatures are very sensitive to the cooling ramp rate used. As 
expected, the faster the cooling ramp rate, the lower the exothermic peak temperature. The exothermic 
peak temperatures varied between 152 °C and 133 °C for cooling rates varying from 1 °C/min up to 
20 °C/min respectively. Again, as seen with the fully-amorphous temperature and re-crystallisation 
temperature data, and the endothermic peak temperature data, the CoV values are very small (less 
than 1%). This is a promising finding as it shows repeatability and consistency between samples. 
The only point of comparison that is available for the exothermic peak temperature of Kynar® PVDF 
was the internal study conducted by CRC-ACS. It states that the exothermic peak temperature is 
143°C for a 10°C/min heating rate (see Table 3.2); this value is in perfect agreement with this 
investigation. 
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Table 3.11: Exothermic Peak Temperature Averages 
Cooling Rate 
(°C/min) 
Exo. Peak 
Temperature (°C) 
CoV 
(%) 
1 152.3 0.31 
2 150.0 0.09 
5 146.6 0.13 
10 143.0 0.16 
20 133.9 0.23 
3.4 Rheometric Investigation 
3.4.1 Specimen Manufacturing 
Specimen sizes of 25mm in diameter and at least 1mm thick were required for the rheometer being 
used for this investigation. To produce these specimens a 1mm thick sheet of PVDF had to be formed 
using Solvay, Solef® 9009 PVDF pellets. The pelletsviii were formed into a sheet using a hot press. 
Under heat and pressure the pellets are formed into a sheet when placed into a mould (measuring 180 
mm x 200 mm)ix. The heating and pressure cycles used are seen in Table 3.12 and the experimental 
thermal profilex presented in Figure 3.16. A total mass of 70.5 grams of PVDF was used to obtain a 
thickness of 1mm. The final sheet thickness varied between 0.9 mm and 1 mmxi. Most importantly 
the PVDF sheet did not contain any visible voids caused by trapped air (see Figure 3.17). To ensure 
that the evaporation of moisture within the sample did not affect the results, the sheet was placed into 
an oven at 60°C for 24 hours prior to testing. When testing began the specimens were cut from the 
sheet using a punch to acquire the appropriate size for the rheometer (Figure 3.17). 
Table 3.12: Heating and Pressure Cycles for PVDF Sheet Pressing 
Step Heating Pressure 
1 Heating ramp to 220°C (rate: approx. 5°C/min) Contact pressure 
2 Dwell for 10 min to ensure even temperature Contact pressure 
3 Dwell for 10 min while pressing 4.36 MPa 
4 Cooling at constant pressure (rate: approx. 11°C/min) 4.36 MPa 
                                                 
viii The pellets were not dried prior to pressing; the 10 minute period with the temperature held at 220°C (Step 2) followed 
by 10 minute period under a constant pressure of 4.36 MPa (Step 3) would have eliminated any moisture present within 
the pellets prior to pressing. 
ix Images of the setup used to form the PVDF sheet used in the rheometric investigations are shown in Appendix A. 
x Measured with a thermocouple placed within the centre of the mould through a purpose built channel. 
xi An exact thickness of 1mm was not necessary to obtain accurate results. 
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Figure 3.16: Temperature Profile for Pressed PVDF Pellets 
 
Figure 3.17: Pressed Sheet of PVDF with Specimens Removed 
3.4.2 Experimental Methodology 
Testing of the PVDF viscosity was conducted in a Rheometric Scientific DMTA V rotational 
rheometer. This rheometer is a strain controlled rheometric test apparatus. The tests listed below were 
conducted allowing for a complete understanding of the rheological characteristics of PVDF in its 
melt state to be formed; each test was conducted using oscillatory testing between the two circular 
platens. These tests included: 
Specimens Punched Out 
from These Locations 
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 Strain Sweep 
 Time Sweep 
 Temperature Sweep 
 Frequency Sweep 
The strain sweep was necessary to determine the magnitude of the strain to be used throughout 
subsequent tests. The time sweep indicated if the rheological properties of the PVDF remained 
constant under a constant temperature and strain-rate when tested for an extended period of time. The 
temperature sweep indicated the minimum temperature at which a frequency sweep could be initiated. 
And, the frequency sweep showed the relationship between strain-rate and viscosity. The acquisition 
of the frequency sweep data is vital for the accurate FEA modelling of squeeze flow within TCW 
joints. Finally, the viscosity behaviour under varying shear-rates identifies the class of the PVDF melt 
(e.g. shear thinning, shear thickening). Through this exhaustive experimental regime, the viscoelastic 
behaviour of the PVDF polymer melt can be determined for the accurate FEA modelling of the 
squeeze flow occurring in TCW joints during welding (seen in Chapter 4). Without accurately 
modelling the viscoelasticity of the PVDF the results of Chapter 4 will not be representative of real 
welded joints. 
3.4.3 Results and Discussion 
Strain Sweep 
The strain sweep indicated that a strain of 1% should be used throughout testing to ensure stable 
results are recorded. This test was conducted at 195°C and varied between a strain of 0.1% and 25%. 
A strain greater than 10% caused instability as seen in Figure 3.18. 
 
Figure 3.18: Rheological Testing - Strain Sweep Plot 
It was determined that the behaviour of the polymer melt could be fully described using the elastic 
storage modulus (𝐺′(𝜔)) and the viscous loss modulus (𝐺′′(𝜔)) as the material response fell within 
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the linear regime, where both the viscoelastic moduli are independent of the strain amplitude; 
therefore providing an accurate rheological characterisation of the PVDF polymer melt. 
Time Sweep 
A constant temperature, constant shear-rate test was conducted to determine whether or not an 
elongated period of time under elevated temperature would show a change in the properties of the 
PVDF melt. This test was conducted at 195°C with a shear-rate of 10 rad/s. The highest elevated 
temperature and a high shear-rate were chosen as the test conditions for the time sweep as they are 
the most extreme that the PVDF is likely to be exposed to in a TCW weld cycle; therefore, the most 
likely to cause a variation. Figure 3.19 shows that there is an initial period from the beginning of the 
test until 400 seconds where the viscosity increases, then after this period stability is gained. This 
showed that the polymer melt exposed to an elevated temperature for an extended period of time, 
with a constant shear-rate does not affect or alter the rheological properties. It is an important finding 
to know that the rheological properties are independent of time due to the extended period of time 
that TCW joints are welded for; with a dwell period of 15 minutes and a heating and cooling ramp of 
2°C/min standard, the PVDF is squeezed out of the joint for a period of at least 900 seconds. To 
ensure that measurements are not affected by this transient period each specimen was loaded for 5 
minutes before data acquisition began. 
 
Figure 3.19: Rheological Testing - Time Sweep Plot 
Temperature Sweep 
The temperature sweep was implemented to determine the minimum temperature at which 
rheological data could be recorded. It was seen (Figure 3.20) that rheological properties could 
potentially be recorded down to 155°C (below the melting point of PVDF), the sweep began at 175°C. 
However, when reviewing the peak endothermic temperatures presented in Table 3.8 it becomes 
apparent that it is unlikely that stable data could be obtained at a temperature of 155°C. A crystalline 
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phase would still be present if the PVDF samples were to be heated to 155°C resulting in instability 
in the results. 
The temperature sweep showed stable readings at 155°C as the PVDF has already been heated above 
the peak endothermic temperature, and not cooled below the peak exothermic temperature. Even 
though the Temperature Sweep indicated the possibility of obtaining data at 155°C it was expected 
that a stable reading could not be recorded for the Frequency Sweep at 155°C as the PVDF is not 
heated above its fully-amorphous temperature prior to the frequency sweep. 
 
 
Figure 3.20: Rheological Testing - Temperature Sweep Plot 
Frequency Sweep 
The frequency sweeps were conducted to characterise the relationship between the viscosity and 
shear-rate. Frequency sweeps were conducted at 165°C, 175°C, 185°C, and 195°C. It was expected 
that stable frequency sweeps could not be recorded below 165°C when reviewing Table 3.8. As 
predicted this was the case and frequency sweeps attempted below 165°C resulted in unreliable data 
due to instability signified by a high degree of scatter. Frequency sweeps were conducted twice at 
each temperature, Figure 3.21 shows the two frequency sweeps for 165°C, 175°C, 185°C, and 195°C.  
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Figure 3.21: Rheological Testing - Frequency Sweep Plot 
The effect of temperature on the viscosity is clear with a relationship seen between processing 
temperature and viscosity; the higher the processing temperature, the lower the viscosity and vice 
versa. Figure 3.21 also shows that an increased shear-rate leads to a decreased viscosity. PVDF 
polymer melts can therefore be classed as a pseudoplastic, or shear-thinning material [187, 188]. In 
Reference [188], shear-thinning behaviour is ‘characterised by an apparent viscosity which decreases 
with increasing shear-rate and exhibits constant viscosities both in the limits of zero and infinite 
shear-rates.’ For PVDF polymer melts, it was observed that viscosity decreased with increasing 
shear-rate (for all temperatures); a constant viscosity was also exhibited near the zero shear-rate limit. 
In this study, viscosities at shear-rates approaching the infinite shear-rate limit could not be 
confirmed. This limit is not of importance for the understanding of TCW joints as the maximum 
shear-rate expected within a TCW joint is approximately 0.039 Hz. 
A constant viscosity at the zero shear-rate limit is observed below a shear-rate of approximately 4e-
5 Hz and below, for all temperatures. The estimated constant viscosity at the zero shear-rate for each 
temperature is given in Table 3.13, averaged over the two runs. 
Table 3.13: Constant Viscosity for Zero Shear-Rate Limit 
165°C 175°C 185°C 195°C 
23389 Pa.s 16438 Pa.s 12468 Pa.s 9081 Pa.s 
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The measured viscosities recorded in this report have been compared with data provided by Solvay 
[189]. Solvay does not report viscosity data for Solef® 9009. The closest comparison to Solef® 9009 
is Solef® 1008 with identical Melt Flow Indexxii (MFI) values. The two polymers were compared at 
200°C for Solef® 1008 and 195°C for Solef® 9009 with apparent melt viscosities at a shear-rate of 10 
Hz of approximately 3000 Pa.s (Figure 3.22) and 1000 Pa.s respectively. The difference is attributed 
to the lower melting temperature of Solef® 9009 and the higher processing temperature of Solef® 
1008. 
 
Figure 3.22: Melt Viscosity at 200°C for the 1000 Series of Solef® PVDF Polymers [189] 
The melt viscosity data has been fitted to a Cross fluid model (Equation 3.17 [190]) with the 
coefficients seen in Table 3.14, averaged between the two runs. A Cross fluid model combines a 
Newtonian region at low shear-rates with a power law shear thinning regions as shear-rates increase 
[190]. 
 𝜇 =
𝑐1
(1 + (𝑐2𝜀̇)1−𝑐3)
 3.17 
where 𝜇 is the viscosity, 𝜀̇ is the shear-rate, and 𝑐1, 𝑐2, and 𝑐3 are the fitting parameters for the Cross 
fluid model equation. The parameter 𝑐1 predicts the zero shear-rate viscosity, 𝑐2 is equal to 𝑐1/𝜏
∗ 
where 𝜏∗ is a constant related to the shear stress at the transition between the Newtonian and power 
law behaviours, and 𝑐3 is the power law index for the power law region of the curve. Presented in 
Figure 3.23 are the Cross fluid model equations, overlayed onto the experimentally measured dataxiii. 
                                                 
xii At 230°C (446°F) in g/10 min under a load of 2.16 kg and 5 kg. 
xiii Shear rate given in rad/s due to the output data of the measurement system; for clarity 1 Hz (or s-1) is equal to 2π rad/s, 
one is simply presented as an ‘ordinary’ frequency and the other as an ‘angular’ frequency. 
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Table 3.14: Averaged Coefficients for Cross Fluid Model 
Temperature 𝒄𝟏 𝒄𝟐 𝒄𝟑 
165°C 25203.7 2.56 0.41 
175°C 18721.4 1.91 0.43 
185°C 13944.5 1.41 0.43 
195°C 9922.6 0.98 0.43 
 
Figure 3.23: Cross Fluid Model Fitted to Experimental Data; solid line – 165°C, dashed line – 175°C, dot-dash line – 
185°C, dotted line – 195°C (see Figure 3.21 for the Legend) 
As the aim of this study was to determine the viscosity of the PVDF polymer melt for modelling 
TCW squeeze flow, the viscosities need to be converted into a flow stress for implementation in the 
FEA code. Equation 3.18 is used to relate the flow stress to the shear-rate; as PVDF has been shown 
to be a non-Newtonian fluid (pseudoplastic material). 
 𝜎𝑠(𝜀̇) = 3[𝜇(𝜀̇)]𝜀̇ 3.18
xiv 
where 𝜎𝑠 is the flow stress. By introducing a shear-rate dependant viscosity (𝜇(𝜀̇)) into Equation 2.11, 
a non-linear behaviour is observed (Equation 3.18). The flow stress for the melt viscosities are shown 
in Figure 3.24. 
                                                 
xiv Identical to Equation 2.12. 
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Figure 3.24: Rheological Testing – Flow Stress Plot 
3.5 Mechanical Testing 
This section of the Review of Materials details the methods and results for two mechanical testing 
investigations; these were performed to determine the tensile stiffness and bending stiffness of Hexcel 
HexPly® M21 lamina and laminates respectively. The laminate of interest for this investigation (and 
the PhD thesis) is as seen in Equation 3.1. 
The tensile testing investigation details the results of three material orientations sets. This includes a 
0° orientation set to measure the axial stiffness (𝐸1) and the Poisson’s ratio (𝑣12), a 90° orientation 
set to measure the transverse stiffness (𝐸2), and a ±45° orientation to measure the in-plane shear 
stiffness (𝐺12). This investigation also presents the stiffness values for elevated temperature (185°C), 
in addition to the room temperature stiffness. 
The second investigation presented is a three-point bend test that was aimed at determining the 
flexural stiffness of the laminate given in Equation 3.1; with two span lengths tested to identify the 
extent to which shear deformations contributed to a reduction in flexural stiffness. As was conducted 
for the tensile specimens, the flexural stiffness was also measured at elevated temperature. 
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3.5.1 Specimen Manufacturing 
Tensile Testing Specimens 
This layup was produced using Hexcel HexPly® M21 prepreg laminas (M21/35%/134/T700GC), the 
total size of each panel produced for each test was 300 x 300mm. Once the laminates were laid up, 
they were cured using an M21 curing cycle (Table 3.6). The specimen size for each material 
orientation was guided by ASTM D3039/S3039M – 08 (Standard Test Method for Tensile Properties 
of Polymer Matrix Composite Materials) [152]; the material layup for each specimen is detailed in 
Table 3.15. 
Table 3.15: Tensile Specimen Geometry 
Fibre 
Orientation 
Width 
(mm) 
Overall Length 
(mm) 
Thickness 
(mm) 
No. of 
Plies 
0° UD 15 250 1 8 
90° UD 25 175 2 16 
± 45° 25 250 2.5 20 
ASTM D3039/D3039M – 08 recommends the use of tabs for the UD specimens, however as the aim 
of this investigation was to determine the stiffness, and not the ultimate strength, tabs were not used. 
To prevent slippage within the grips the specimens tested at room temperature were prepared with 
fibreglass adhered with a two-part epoxy to the area to being clamped within the grips (see Figure 
3.25). The specimens tested at elevated temperature were not specially prepared, however sandpaper 
tabs with a grit of 240 were prepared if necessary to prevent slippage. 
 
Figure 3.25: Fibreglass Tabs for Specimens Tested at Room Temperature – Orientation: ±45° (Specimen 6) 
Flexural Testing Specimens 
The aim of this experiment was to determine the flexural stiffness of stringers used in a CRC-ACS 
test program (Equation 3.1). This layup was produced using Hexcel HexPly® M21 
(M21/35%/134/T700GC) prepreg with a total laminate size of 300 x 300mm; once layup was 
complete, the layup was cured with an M21 autoclave curing cycle. 
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The specimen size recommended by ASTM D7264/D7264M – 07 (Standard Test Method for Flexural 
Properties of Polymer Matrix Composite Materials) is 4mm thick, 13mm wide, with a span length of 
128mm. However, as the laminate under investigation has a nominal thickness of 1.572mm, an 
alternate span length was required. The standard recommends a span-to-thickness ratio of 32:1, 
therefore, a span length of 50.3mm was required. The specimen length required was 20% longer than 
the required span, for the 32:1 span-to-thickness ratio a specimen length of 60.4mm was used. To 
ensure that shear deformations were not significantly reducing the apparent stiffness, a span-to-
thickness ratio of 60:1 was also tested, giving a span length of 94.3mm and a specimen length of 
113.2mm. 
As the flexural stiffness in the transverse direction is desired, the specimens were cut with the length 
orientated along the 90° material direction. Figure 3.26 a) shows the material orientations with regards 
to a representative TCW stringer, and Figure 3.26 b) indicates how the specimens were cut from the 
test panel. The flexural stiffness in the 0° direction is not of interest due to the loading conditions that 
stringers undergo during welding. 
 
Figure 3.26: a) Representative TCW Stringer with Material Orientation Coordinate System Marked; b) Test Specimen 
Panel (Specimen 1) Refers to the 50.3mm Span, Specimen 2) Refers to the 94.3mm Span) 
3.5.2 Experimental Methodology 
Tensile Testing Method 
Testing of the tensile specimens was conducted according to the ASTM standard for tensile properties 
of composite materials [152]. Testing was conducted in an Instron loading frame, Model 5584 EM, 
with a 100kN load cell. Strain measurements for all specimens were made using an advanced video 
extensometer for both the longitudinal and transverse strains (see blue box in Figure 3.27 b) for the 
video extensometer). This required the placement of two sets of dots at the centre of each specimen; 
the longitudinal strain measurement dots were placed 15mm apart, and the transverse strain 
measurement dots were placed 5mm apart; this is seen in Figure 3.27 a). As testing at elevated 
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temperature was desired the extensometer was mounted onto the front of an environmental chamber, 
capable of exposing the specimen to both sub-zero and elevated temperatures. The chamber for this 
investigation was operated at 185°C for the elevated temperature specimens, to measure the stiffness 
of the M21 lamina at the TCW dwell temperature. For the stiffness and Poisson’s ratio calculations 
to be made, the load, longitudinal strain, and transverse strain were measured. Figure 3.27 b) shows 
the environmental test chamber, Instron loading frame, mechanical grips used for testing, and the 
optical extensometer.  
 
 
a) b) 
Figure 3.27: a) Dot Markers for Longitudinal and Transverse Strain Measurements with Video Extensometer; b) 
Experimental Setup for Tensile Testing at Elevated Temperature (blue box: video extensometer, yellow box: 
mechanical grips, red box: environmental chamber) 
Specimens were loaded at an extension of 2mm/min, and loading was halted when the longitudinal 
strain reached 6000μϵ or the specimen failed, this was utilised for all fibre angles tested as the ultimate 
failure strength was not of interest for this study. A longitudinal strain of 6000με was not expected to 
cause failure for the 0° or 45° specimen sets, however is was deemed likely that failure would occur 
for the 90° specimens sets as these specimens were loaded in the transverse direction which exhibits 
a much lower tensile stiffnessxv. A loading of 6000με was selected guided by ASTM D3039/D3039M 
– 08. This standard recommends that a longitudinal strain range from 1000-3000με be used to 
calculate the modulus of each specimen; therefore, a maximum strain limit of 6000με was selected to 
                                                 
xv Predicted using the results presented in Table 3.4. 
Instron Loading 
Frame 
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ensure that a linear stress-strain region was recorded. This strain level exceeds the maximum strain 
levels present in a welded TCW top-hat stringer, with the maximum strains recorded in a FEA 
conducted reaching ~1000μεxvi. 
Specimens tested at elevated temperature were placed into the grips, with the environmental chamber 
then heated to the target temperature of 185°C. A thermocouple was placed on the rear of each 
specimen, attached with tacky tape to insulate the thermocouple from the air within the chamber, to 
ensure an accurate reading. Once the target temperature of 185°C was reached the specimen was left 
to soak for five minutes, it was loaded once this period had elapsed and the temperature was within 
±0.5°C of 185°C. 
Flexural Testing Method 
Testing of the three-point bending specimens was conducted according to the ASTM standard for 
flexural properties of composite materialsxvii [150]. A loading configuration with fixed supports was 
required for testing, with 3mm radius loading noses (Figure 3.28). Testing was conducted on a Lloyd 
Instruments tensile machine, Model EZ-50, with a 5kN load cell. The test setup is shown in Figure 
3.29; with the upper and lower loading noses (adjustment of the span length of lower noses is possible 
for specific specimens), test specimen, tensile machine actuation rods, and the environmental 
chamber visible. 
 
Figure 3.28: Three-Point Loading Configuration with Fixed Supports and Loading Noses [150] 
The standard recommended a 1mm/min speed of testing; however, this is for the standard specimen 
size which was not used in this instance. The standard recommends that for a similar rate of straining 
to the 4mm thick specimen to be obtained the method described in ASTM D790 [151] should be 
followed. This standard recommends that crosshead displacement used for each specimen type follow 
Equation 3.19: 
                                                 
xvi The FEA models used to determine this strain rate is the same model used to provide results for Section 4.6.4 of this 
thesis. See Figure 8.3 in Appendix B for a visual representation of the Equivalent Elastic Strain of the top-hat stringer. 
xvii For a full description of the experimental procedure see ASTM D7264/D7264M – 07. 
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 𝑅 =
𝑍𝐿2
6𝑑
 3.19 
where 𝑅 is the rate of crosshead motion, 𝐿 is the support span, 𝑑 is the depth (or thickness) of the 
beam, and 𝑍 is the rate of straining of the outer fibre (which shall be equal to 0.01). Therefore, a 
2.7mm/min speed of testing for the 50.3mm span was required, and 9.4mm/min for the 94.3mm span. 
As the flexural properties at elevated temperature were of interest, the specimens were tested at room 
temperature and 185°C (TCW dwell temperature). As the room conditions in which the tests were 
being conducted was controlled at 23°C, the chamber was not required for the room temperature tests. 
Elevated temperature tests were conducted within an environmental test chamber, which had the 
capability of exposing the specimens to 185°C. Specimens tested at elevated temperature were placed 
into the environmental chamber to heat up to the target temperature. A thermocouple was placed onto 
each specimen when moved into position between the upper and lower loading noses. Once the target 
temperature was reached the specimen was left to dwell for two minutesxviii. 
 
Figure 3.29: Test Rig Setup for Three-Point Bend Testing (Setup for 50.3mm Span Length) 
  
                                                 
xviii The specimens were left to soak within the chamber prior to testing hence why they were only left to dwell for two 
minutes once the thermocouple read 185°C; in comparison to the five minutes dwell period for the tensile specimens. 
Environmental 
Chamber 
Upper Loading 
Nose 
Lower Loading 
Noses 
Test Specimen 
Tensile Machine 
Actuation Rods 
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3.5.3 Results and Discussion 
Tensile Testing 
Presented for each fibre orientation are the tests conducted at room temperature and elevated 
temperature. It should be noted that Figure 3.31 to Figure 3.36 only show the linear part of the stress-
strain curves to reduce clutter in each plot; the non-linear regions have only been presented when 
deemed necessary. Shown in Figure 3.30 is an example of a full stress-strain curvexix produced for a 
specimen under load; when the load is initially applied it is seen that the behaviour is not always 
linear (blue dotted box). This is due to fibre realignment under initial loading. For every specimen 
tested this period always settled transitioning into a linear strain-strain region as seen in Figure 3.30. 
 
Figure 3.30: Full Stress-Strain Curves for Tensile Testing – 0° UD Specimen – Room Temperature – Axial Strain 
(mm/mm) vs. Tensile Stress (MPa) 
0° Unidirectional Specimens 
The stress-strain curves for the 0° UD specimens tested at room temperature are presented in Figure 
3.31. There are a few factors that contribute to the noise seen in the strain measurements recorded by 
the advanced video extensometer, these include: vibration of specimen, the algorithm used to 
calculate the centre of the dot, and local deformations at and around the dot location. Firstly, the 
vibration of the specimen is caused due to the Instron loading frame as the crosshead movement is 
                                                 
xix For the stress-strain curves presented in Figure 3.31 to Figure 3.36; the full stress-strain profiles are presented in 
Appendix C - Full Stress-Strain Curves. 
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not perfectly continuous. Secondly, if the dot marked on the specimen (as seen in Figure 3.27 a)) is 
not perfectly circular, the centre of the dot calculated by the algorithm moves as the specimen 
deforms. And finally, the local deformations of the specimen at and around the dot contributes to the 
noise as the width of a single fibre, and a fibre bundle is smaller than the width of the dot used for 
tracking; this also causes the centre of the dot calculated by the algorithm to vary. 
Figure 3.31 shows a clear linear relationship between the longitudinal (or axial) strain and the load. 
Therefore, the axial modulus (𝐸11) is calculated using the relationship presented in Equation 3.20: 
 𝐸11 =
Δ𝜎𝑎
Δ𝜀𝑙
 3.20 
 𝜎𝑎 =
𝑃
𝐴
 3.21 
where 𝐸11 is the axial modulus, 𝜎𝑎 is the axial stress (given by Equation 3.21), 𝜀𝑙 is the longitudinal 
strain, 𝑃 is the load, and 𝐴 is the cross-sectional area of the specimen. Due to the nature of the data 
recorded, a slope of best fit was used for each specimen to calculate the modulus. An 𝑅2 value of at 
least 99.5% was seen for the room temperature and elevated temperature fits. The slope of the linear 
curve 𝑚 from Equation 3.22, is the axial stiffness. 
 𝜎𝑎 = 𝑚𝜀𝑙 + 𝑐 3.22 
The modulus values for the specimens presented in Figure 3.31 are seen in Table 3.16. The effect of 
elevated temperature to 185°C on the stiffness is seen in Figure 3.32, and Table 3.16. 
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Figure 3.31: Stress-Strain Curves for Tensile Testing – 0° UD Specimen – Room Temperature – Axial Strain (mm/mm) 
vs. Tensile Stress (MPa) 
 
Figure 3.32: Stress-Strain Curves for Tensile Testing – 0° UD Specimen – Elevated Temperature (185°C) – Axial Strain 
(mm/mm) vs. Tensile Stress (MPa) 
It should be noted that the same specimens were not used for the room temperature (RT) and elevated 
temperature (ET) tests, as it was expected that with the strain limit used (of 6000μm) there could be 
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damage caused within the specimens, even if failure did not occur. This damage would therefore 
reduce the modulus of the specimen for subsequent tests if used again.  
Table 3.16: Axial Stiffness Values for 0° UD Specimens, All Testing Conditions; RT – Room Temperature, ET – 
Elevated Temperature 
Specimen 
Modulus 
(GPa) 
Specimen 
Modulus 
(GPa) 
RT S9 132.8 ET S2 123.5 
RT S11 121.6 ET S3 127.8 
RT S12 117.0 ET S4 135.3 
RT S13 129.6 ET S5 122.9 
RT S14 130.1 ET S6 137.1 
  ET S7 136.8 
Avg. RT 126.2 Avg. ET 130.6 
St. Dev. 6.6 St. Dev. 6.6 
Table 3.16 shows that the reported average modulus values for each specimen set are within 3.5% of 
each other; it therefore shows that there is no reduction in modulus as a result of the elevated 
temperature. When testing 0° UD specimens, the dominant material property is that of the fibre. It is 
important to note that the axial modulus values calculated in this experimental investigation reflect 
those supplied in the Hexcel HexPly® M21 Data Sheet (M21/35%/134/T700GC) with a value of 147 
GPa is reported [171]. The reason why the modulus reported in the M21 Data Sheet lies outside the 
uncertainty of the experimental measurement is likely to be due to slight misalignment between each 
ply within the laminate tested; as well as, a slight misalignment of the specimen within the grips, both 
causing a reduction in the measured modulus. 
As the transverse strain was also recorded for these specimens using the advanced video 
extensometer, the Poisson’s ratio is calculated using Equation 3.23: 
 𝑣12 =
Δ𝜀𝑡
Δ𝜀𝑙
 3.23 
where 𝜀𝑡 is the transverse strain, and 𝑣12 is the Poisson’s ratio. For each specimen set, the Poisson’s 
ratio is seen in Table 3.17. At elevated temperature a significant increase in the Poisson’s is observed, 
this would be due to the stiffness reduction of the matrix allowing a greater transverse strain. 
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Table 3.17: Poisson’s Ratios for 0° UD Specimens, All Testing Conditions; RT – Room Temperature, ET – Elevated 
Temperature 
Specimen 
Set 
Poisson’s 
Ratio 
St. Dev. 
RT 0.441 0.067 
ET 0.660 0.121 
90° Unidirectional Specimens 
There is a clear linear relationship between the longitudinal strain and the load for the 90° UD 
specimens tested at room temperature; by fitting the stress-strain curve (Figure 3.33) to a linear fit 
Equation 3.22 is used to find the slope of the curve corresponding to the transverse modulus of the 
lamina (Equation 3.24). The stress-strain curves for the 90° UD specimens are plotted in Figure 3.33 
with the stiffness reported in Table 3.18. The effect of exposure to elevated temperature on the 
stiffness is seen plotted in Figure 3.34xx. This figure shows the entire loading period as it is of interest 
to note the small linear region obtained from each specimen. The smallest 𝑅2 value of 98.0% and 
96.8% were seen for the room temperature and elevated temperature linear fits respectively. As the 
properties are highly dominated by the matrix, the effect of plastic deformations is seen as the stress-
strain curve begins to tail off. The modulus values for each specimen tested at elevated temperature 
are presented in Table 3.18. The reason Specimen 4 in Figure 3.34 was only tested to a strain of 
approximately 2500μm was due to specimen failure at approximately 3 MPa. In comparison to the 
90° specimens tested at room temperature, the specimens tested at elevated temperature did not fail 
(apart from Specimen 4); it is expected that failure of Specimen 4 was due to an imperfection in the 
specimen causing crack initiation and growth, leading to complete failure. 
 𝑚 = 𝐸22 3.24 
                                                 
xx Specimen 1in the elevated temperature specimen set was lost when the rig collapsed in on the specimen, resulting in a 
fractured specimen prior to testing. 
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Figure 3.33: Stress-Strain Curves for Tensile Testing – 90° UD Specimen – Room Temperature – Axial Strain 
(mm/mm) vs. Tensile Stress (MPa) 
 
Figure 3.34: Stress-Strain Curves for Tensile Testing – 90° UD Specimen – Elevated Temperature (185°C) – Axial 
Strain (mm/mm) vs. Tensile Stress (MPa) 
The results presented in Table 3.18 show a significant reduction in the modulus of the 90° UD 
specimens compared to the tests conducted at room temperature. This is due to the fact that the 
modulus in these specimens is highly dominated by the matrix modulus; therefore, when exposed to 
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elevated temperature the epoxy matrix modulus reduced significantly. With this modulus reduction 
observed it was expected that a similar modulus reduction would be seen for the in-plane shear 
modulus. Additionally, the room temperature modulus averages presented are in good agreement with 
the calculated lamina transverse stiffness of 8.53 GPa, with a difference of 2% (see Table 3.4). 
Unfortunately due to the recorded curves for the transverse strain of the 90° specimens, Poisson’s 
ratio values for these specimens could not be accurately determined.  
Table 3.18: Transverse Stiffness Values for 90° UD Specimens, All Testing Conditions; RT – Room Temperature, ET – 
Elevated Temperature 
Specimen 
Modulus 
(GPa) 
Specimen 
Modulus 
(GPa) 
RT S6 8.10 ET S2 1.41 
RT S7 7.79 ET S3 1.32 
RT S8 8.25 ET S4 1.31 
RT S9 9.19 ET S5 1.23 
RT S10 8.35   
Avg. RT 8.34 Avg. ET 1.32 
St. Dev. 0.52 St. Dev. 0.07 
±45° Specimens 
To produce the plots for the ±45° specimens seen in Figure 3.35 and Figure 3.36 the shear stress and 
shear strain were calculated. The stiffness is determined using Equation 3.25 to calculate the slope of 
the stress strain curve; the shear stress is calculated using Equation 3.26, and the shear strain is 
calculated using Equation 3.27 [153]: 
 
𝐺12 =
Δ𝜏
Δγ
 
3.25 
 𝜏 =
𝑃
2𝐴
 3.26 
 𝛾 = 𝜀𝑙 − 𝜀𝑡 3.27 
where 𝜏 is the shear stress, and 𝛾 is the shear strain. The shear stress-shear strain curves for the ±45° 
specimens tested at room temperature are shown in Figure 3.35, with the elevated temperature 
specimens seen in Figure 3.36; both plots indicating a linear relationship between the shear strain and 
the shear stress plotting Equations 3.26 and 3.27. Good agreement between the stress-strain curves 
and a linear fit were achieved with an 𝑅2 value of at least 96.5% and 99.2% calculated for room 
temperature and elevated temperature fits respectively. The shear modulus results for both specimen 
sets are reported in Table 3.19. 
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Figure 3.35: Stress-Strain Curves for Tensile Testing – ±45° UD Specimen – Room Temperature – Shear Strain 
(mm/mm) vs. Tensile Stress (MPa) 
 
Figure 3.36: Stress-Strain Curves for Tensile Testing – ±45° UD Specimen – Elevated Temperature (185°C) – Shear 
Strain (mm/mm) vs. Tensile Stress (MPa) 
A significant reduction in the shear modulus compared to the room temperature specimen is observed, 
as was expected after analysing the 90° specimen results. This reduction was again attributed to the 
modulus reduction of the matrix component; therefore, for lamina properties dominated by the matrix 
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properties a greater stiffness reduction is always observed.  When comparing the room temperature 
modulus to the value provided in the M21 Data Sheet it is seen that the values are in good agreement 
[171]. The experimentally calculated value is 8% less than the value provided by the data sheet (see 
Table 3.4), this is contributed to slight misalignments when manufacturing the ±45° plies, as well as 
the layup of these plies. Also contributing to the modulus reduction could be slight misalignments 
when clamping the specimens into the grips. 
Table 3.19: Shear Stiffness Values for ±45° UD Specimens, All Testing Conditions; RT – Room Temperature, ET – 
Elevated Temperature 
Specimen 
Modulus 
(GPa) 
Specimen 
Modulus 
(GPa) 
RT S6 4.04 ET S1 0.362 
RT S7 4.45 ET S2 0.358 
RT S8 4.34 ET S3 0.328 
RT S10 4.41 ET S4 0.288 
  ET S5 0.269 
Avg. RT 4.31 Avg. ET 0.321 
St. Dev. 0.16 St. Dev. 0.042 
Lamina and Laminate Properties 
Summarised in Table 3.20 are the experimentally measured lamina properties for the cured 
M21/35%/134/T700GC lamina prepreg. 
Table 3.20: Summary of Lamina Properties Calculated using Properties Found in Literature and Experimentally 
Calculated Lamina Properties 
Lamina 
Exposure 
𝑬𝟏𝟏 
(GPa) 
𝑬𝟐𝟐 
(GPa) 
𝑮𝟏𝟐 
(GPa) 
𝒗𝟏𝟐 
Literature - RT 147 8.53 4.7 0.265 
RT 126.2 8.34 4.31 0.441 
ET 130.6 1.32 0.321 0.660 
Utilising the lamina properties presented in Table 3.20, the laminate stiffness properties for the 
selected stringer layup (seen in Equation 3.1) were calculated using CLT. These laminate stiffness 
properties are detailed in Table 3.21.  
Table 3.21: Experimentally Calculated Laminate Properties Summary (Including Known and Analytical Lamina 
Properties) 
Laminate 
Exposure 
𝑬𝒙 
(GPa) 
𝑬𝒚 
(GPa) 
𝑮𝒙𝒚 
(GPa) 
𝒗𝒙𝒚 
𝑬𝒙
𝒃 
(GPa) 
𝑬𝒚
𝒃 
(GPa) 
𝑮𝒙𝒚
𝒃  
(GPa) 
𝒗𝒙𝒚
𝒃  
Analytical 65.9 45.0 21.3 0.378 35.2 57.8 23.4 0.297 
RT 57.1 39.4 18.3 0.400 31.0 50.1 20.1 0.313 
ET 53.5 34.5 16.5 0.435 24.7 44.6 18.4 0.324 
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Flexural Testing 
For the flexural properties to be calculated, the load and deflection profiles were recorded. This data 
was used to calculate the stress and the maximum strain at the outer surface of the mid-span (the 
bending stress and maximum strain have been calculated using Reference [150], ASTM 
D7264/D7264M - 07). The results of these calculation are seen in the stress-strain curves presented 
for the 50.3mm span (Figure 3.38 and Figure 3.42), and for the 94.3mm span (Figure 3.40 and Figure 
3.43). A total of six specimens were tested for each condition, the standard recommended at least five 
specimens. 
Room Temperature 
The stress-strain curves for room temperature testing are seen in Figure 3.38 and Figure 3.40xxi. Even 
though the stiffness was of interest, each specimen was loaded until break (see Figure 3.37xxii); this 
ensured that the range of strains were sufficient to captured enough data to calculate the flexural 
stiffness properties. Figure 3.38 shows an approximate linear relationship between the stress and 
strain which is to be expected for these materials; however, Figure 3.40 shows significant differences 
for the 94.3mm span compared to the 50.3mm span. 
 
 
a) b) 
                                                 
xxi Specimen numbering does not begin at 1 for the stress-strain curves presented as some specimens (Specimen 1 and 2 
for the 50.3mm span, and Specimen 1-3 for the 94.3mm span) were used to test the rig was setup correctly. The elevated 
temperature specimen numbering follows on from the room temperature specimens. This numbering system was used to 
ensure that confusion between the conditions each specimen was tested at did not occur. 
xxii Specimen 7 and 8 tested at room temperature for the 94.3mm spans did not fail as they slipped off of the rig prior to 
failure. 
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c) d) 
Figure 3.37: Room Temperature Tested Specimens: a) Span 50.3mm, Top View (Contact with Upper Nose); b) Span 
50.3mm, Back View (Contact with Lower Noses); c) Span 94.3mm, Top View (Contact with Upper Nose); d) Span 
94.3mm, Back View (Contact with Lower Noses) 
 
Figure 3.38: Stress-Strain Curves for Three-Point Bending Test Specimens - Room Temperature (23°C) - Span of 
50.3mm 
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The standard recommended that the flexural modulus is to be calculated using a strain range of 0.002, 
beginning at a strain of 0.001 and ending at a strain of 0.003xxiii. As the layup of the specimens is not 
balanced or symmetric each specimen contained a certain degree of twist. Initial contact between the 
upper loading nose and the specimen initially flattened out the specimen so that full contact is made 
between the upper loading nose and lower loading noses, this initial contact effect on the stress-strain 
curve is seen in Figure 3.39 (blue box). This phenomenon has been observed for each specimen tested. 
In addition to this phenomenon, it is shown in Figure 3.39 (red box) that there is a discontinuity in 
the stress-strain curve at a stress of approximately 50 MPa. The phenomenon that occurs at this stress 
is unknown; however, it is not due to first-ply failure as the stiffness reduction after this point would 
have been much more significant. 
Therefore, taking into account these phenomenon, the flexural stiffness was measured between the 
first phenomenon due to the twist, and the second phenomenon. The results for the room temperature 
specimens are seen in Table 3.22 (𝐸𝑅𝑇 – room temperature stiffness). At room temperature, the 
flexural stiffness does not appear to be affected by shear deformations for the shorter span length as 
the two stiffness values differ by only 3.5%. 
Figure 3.38 and Figure 3.40 also show the maximum stress before break, these results are shown in 
Table 3.22 (𝐹𝑆𝑅𝑇 – room temperature failure stress). For the 50.3mm span specimens the failure stress 
is much higher than for the 94.3mm span specimens (951 MPa compared to 703 MPa). The difference 
between the two spans is due to the different failure modes that have occurred during testing. The 
50.3mm span specimens failed in a catastrophic manner; whereas, the 94.3mm span failed 
progressively with at least one or several internal plies failing first. This explains the curvature of the 
stress-strain plots seen in Figure 3.40; with each ply failure, the stiffness of the laminate was reduced 
leading to ultimate failure at approximately 705 MPa. 
Table 3.22: Experimental Results for Flexural Modulus and Failure Stress for Elevated Temperature Specimens 
Span 
(mm) 
𝑬𝑹𝑻 
(GPa) 
St. Dev. 𝑬𝑹𝑻 
(GPa) 
𝑭𝑺𝑹𝑻 
(MPa) 
St. Dev. 𝑭𝑺𝑹𝑻 
(MPa) 
50.3 49.8 1.1 951 17.6 
94.3 47.6 1.6 703 21.3 
                                                 
xxiii This strain is measured at the point of maximum strain, located at the centre of the specimen opposite the point of 
contact between the upper loading nose and the specimen. 
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Figure 3.39: Initial Loading Curve and First Ply Failure Effects (Inset of Figure 3.42) 
 
Figure 3.40: Stress-Strain Curves for Three-Point Bending Test Specimens - Room Temperature (23°C) - Span of 
94.3mm 
0 1 2 3 4 5
x 10
-3
0
10
20
30
40
50
60
70
80
Strain [-]
S
tr
e
s
s
 [
M
P
a
]
 
 
Specimen 9
Specimen 10
Specimen 11
Specimen 12
Specimen 13
Specimen 14
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035
-100
0
100
200
300
400
500
600
700
800
Strain [-]
S
tr
e
s
s
 [
M
P
a
]
 
 
Specimen 4
Specimen 5
Specimen 6
Specimen 7
Specimen 8
Specimen 9
Section 3.5  Mechanical Testing 
116 
Elevated Temperature 
The stress-strain curves for elevated temperature (185°C) are seen in Figure 3.42 and Figure 3.43. It 
is observed that the strength of the specimens are significantly reduced compared to the specimens 
tested at room temperature. As well as this, it is expected that the stiffness of the specimens has been 
greatly reduced. An immediate observation is made between the room temperature (Figure 3.40) and 
elevated temperature (Figure 3.43) specimens for the 94.3mm span. The progressive failure seen for 
the 94.3mm span specimens at room temperature was not observed at elevated temperature. 
 
 
a) b) 
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c) d) 
Figure 3.41: Elevated Temperature Tested Specimens: a) Span 50.3mm, Top View (Contact with Upper Nose); b) Span 
50.3mm, Back View (Contact with Lower Noses); c) Span 94.3mm, Top View (Contact with Upper Nose); d) Span 
94.3mm, Back View (Contact with Lower Noses) 
As mentioned for the room temperature specimens, the stiffness was calculated in the region between 
the end of the flattening of the specimen onto the loading noses, and before the second phenomenon 
occurred. This same procedure was used for the calculation of the flexural stiffness for the elevated 
temperature specimens. The results of the elevated temperature specimens are reported in Table 3.23. 
There is a significant reduction in the stiffness compared to room temperature observed, what differs 
though is that there was also a significant difference observed between the two spans lengths at 
elevated temperature. There is a 14% increase in stiffness for the 94.3mm span which indicates that 
there are significant shear deformation effects present. The shear effects are expected to be much 
more significant for a shorter span length; however, the significance of the shear effects on the 
94.3mm span are unknown. Therefore, the results from the flexural bending tests conducted at 
elevated temperature cannot be used with confidence due to the presence of these shear effects. 
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Figure 3.42: Stress-Strain Curves for Three-Point Bending Test Specimens - Elevated Temperature (185°C) - Span of 
50.3mm 
Figure 3.42 and Figure 3.43 also show the maximum allowable stress before break. It is seen in Table 
3.23 that there was a difference of less than 5% between the maximum stress before break, showing 
that the specimens at elevated temperature failed in the same manner (see Figure 3.41). It was 
observed that each specimen tested at elevated temperature showed failure clearly at the point where 
the upper nose has made contact; and, on the back surface there is no clear indication of failure. The 
failure mode of the specimens therefore supports the statement that the two span lengths failed due 
to the same behaviour. Additionally, comparing the failed specimens in Figure 3.41 to Figure 3.37 a) 
and c) the same failure mode is observed, as supported by Figure 3.38, Figure 3.42, and Figure 3.43. 
Table 3.23: Experimental Results for Flexural Modulus and Failure Stress for Elevated Temperature Specimens 
Span 
(mm) 
𝑬𝑬𝑻 
(GPa) 
St. Dev. 𝑬𝑬𝑻 
(GPa) 
𝑭𝑺𝑬𝑻 
(MPa) 
St. Dev. 𝑭𝑺𝑬𝑻 
(MPa) 
50.3 31.5 0.7 369 15.8 
94.3 35.9 2.0 355 30.5 
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Figure 3.43: Stress-Strain Curves for Three-Point Bending Test Specimens - Elevated Temperature (185°C) - Span of 
94.3mm 
3.5.4 Summary 
A greater understanding of the tensile and flexural properties of M21 lamina and laminates at the 
welding temperature of TCW joints is invaluable to the accurate modelling TCW joints. With these 
updated material properties, characterising the flow behaviour of PVDF within TCW joints becomes 
more realistic than was previously achievable. Along with the viscosity properties of PVDF at 185°C, 
the mechanical properties of M21 laminates at the welding temperature are both applied as seen in 
Chapter 4. 
A comparison was made between the bending stiffness (𝐸𝑦
𝑏) measured using the three-point bend test 
experiment (Section 3.5), and the bending stiffness calculated using CLT (Section 3.2) and the tensile 
testing properties that were measured (Section 3.5). Firstly, the analytically calculated bending 
stiffness of 57.8 GPa (room temperature value) is used as an initial comparison point for the 
experimental values. The bending stiffness measured using three-point bend tests gave 49.8 GPa and 
47.6 GPa (average of 48.7 GPa) for the two spans tested. This is in good agreement with the bending 
stiffness calculated using CLT and the tensile testing properties, with a value of 50.1 GPa; the higher 
difference is only 5%. Therefore, for room temperature material properties both methods of 
experimentally calculating the bending stiffness have been seen to give identical results. 
This is in contrast to the bending stiffness values for the elevated temperature specimens (tested at 
185°C). Comparing the bending stiffness (𝐸𝑦
𝑏) at elevated temperature for the three-point bend test 
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and the CLT bending stiffness calculated using the measured tensile properties are 35.6 GPa and 44.6 
GPa respectively. The difference between the two values is likely to be due to shear deformations 
that occurred in the three-point bend test specimens. It was seen that for a short span, the effect of the 
shear deformations was higher, and it is expected that an even larger span than the 94.3mm specimen 
would have to have been tested to produce similar results to totally eliminate shear deformations. 
The knock-down factors [191-193] for each of the material properties experimentally tested are 
shown in Table 3.24. For material properties that are dominated by the fibre modulus, the knock-
down factor is much smaller than for material properties that are highly dominated by the matrix 
properties. 
Table 3.24: Knock-Down Factors for Material Properties at Elevated Temperature (185°C) 
𝑬𝟏𝟏 𝑬𝟐𝟐 𝑮𝟏𝟐 𝒗𝟏𝟐 𝑬𝒚𝟏
𝒃  𝑬𝒚𝟐
𝒃  𝒗𝒙𝒚 
1 6.3 13.4 0.67 1.4 1.1 0.97 
The major goal of the mechanical testing was to determine the lamina properties at elevated 
temperature; this goal has been achieved. The difference between the knock-down factor 𝐸𝑦1
𝑏  and 𝐸𝑦2
𝑏  
is that 𝑦1 is calculated with the three-point bend test bending stiffness values, and 𝑦2 is calculated 
using the CLT bending stiffness results calculated using the tensile lamina properties. Also, the 
properties seen in Table 3.25 will be used as an input for the FEA simulations of TCW joint squeeze 
flow; these properties have used the knock-down factors presented in Table 3.24 to alter the analytical 
and known material properties. To successfully implement the knock-down factor, each calculation 
follows the example shown in Equation 3.28: 
 𝐸11,𝑓 =
𝐸11
𝑘𝑓𝐸11
 3.28 
where 𝐸11,𝑓 is the material property with the knock-down factor applied, and 𝑘𝑓𝐸11 is the knock-down 
factor for property 𝐸11. The only properties that are missing that cannot be calculated directly from a 
knock-down factor are the through-thickness (out-of-place) shear modulus 𝐺23 and the Poisson’s ratio 
𝑣23. These properties must be calculated indirectly through Equation 3.29 by calculating the shear 
modulus reduction in the matrix, assuming that 𝐺𝑓12 does not alter at elevated temperature (as seen 
for 𝐸11 which is dominated by the fibre properties); Equation 3.29 is rearranged to obtain Equation 
3.30. Once the shear stiffness of the matrix has been calculated, Equation 3.4 is solved. 𝐺𝑚 at elevated 
temperature is 89.4 MPa; therefore, 𝐺23 is  0.283 GPa. 
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 𝐺12 =
𝐺𝑚
(1 − √𝑘𝑓(1 − 𝐺𝑚/𝐺𝑓12))
 3.29 
 
𝐺𝑚 = 𝐺12
(1 − √𝑘𝑓)
1 −
𝐺12√𝑘𝑓
𝐺𝑓12
 
3.30 
 𝐺23 =
𝐺𝑚
(1 − √𝑘𝑓(1 − 𝐺𝑚 𝐺𝑓23⁄ ))
 3.4 
Now that 𝐺23 is known at elevated temperature, 𝑣23 is calculated for elevated temperature using 
Equation 3.7: 
 𝑣23 =
𝐸22
2𝐺23
− 1 3.7 
The Poisson’s ratio 𝑣23 is calculated as 1.39 for elevated temperature. 
Table 3.25: Material Properties for FEA w/ Knock-Down Factors Applied 
𝑬𝟏𝟏,𝒇 
(GPa) 
𝑬𝟐𝟐,𝒇 
(GPa) 
𝑮𝟏𝟐,𝒇 
(GPa) 
𝒗𝟏𝟐,𝒇 
𝑬𝒚𝟏,𝒇
𝒃  
(GPa) 
𝑬𝒚𝟐,𝒇
𝒃  
(GPa) 
𝒗𝒙𝒚,𝒇
𝒃  
𝑮𝟐𝟑,𝒇 
(GPa) 
𝒗𝟐𝟑,𝒇 
147 1.35 0.351 0.396 41.3 51.6 0.307 0.283 1.39 
3.6 Summary and Conclusions 
With an understanding of the fully-amorphous temperature and the re-crystallisation temperature for 
a range of heating and cooling rates, the fully-amorphous welding time prediction could be formed. 
The fully-amorphous welding time, which was not previously known or understood from literature, 
provides a valuable insight into the healing behaviour within the welding stage of TCW. The results 
of this investigation will be used in Chapter 6 – Healing Investigations to form a greater understanding 
of the results obtained. 
The results of the Rheometric Investigation are critical to the understanding of flow within TCW 
joints and gaining a greater understanding of the behaviour of a PVDF melt. Knowledge of the flow 
viscosity for PVDF polymer melts present within TCW joints is invaluable for the accurate modelling 
of TCW squeeze flow. Prior to now the melt viscosities for PVDF used in TCW was unreliable and 
also incomplete. The results presented in Table 3.13 and in Figure 3.24 will be used for Newtonian 
and non-Newtonian flow models seen in Chapter 4. 
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The Mechanical Testing Investigation into the tensile and flexural properties of Hexcel HexPly® M21 
prepreg lamina and laminates respectively, has produced previously unknown modulus properties for 
this material at room temperature and elevated temperature. These mechanical properties are critical 
to the formation of a complete understanding of squeeze flow within TCW joints during the welding 
stage of TCW; these investigations are presented in Chapter 4 – Squeeze Flow within TCW Joints. 
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Chapter 4 Squeeze Flow within TCW Joints 
4.1 Introduction 
Despite the advanced developed of squeeze flow models, there still exists gaps in literature regarding 
particular aspects of squeeze flow modelling, especially in the case of fluid-structure interactions 
where adherents do not remain parallel. The literature review (Section 2.2 and 2.3) showed that 
without numerical methods of analysis, TCW joints would be insufficiently modelled using analytical 
solutions alone. There are a number of significant considerations that need to be taken into account 
when modelling TCW joints that can only be solved numerically. These considerations include: 
1. Non-Newtonian, pseudoplastic material properties 
2. Initial geometry of PVDF layers 
3. Elastic deformation of the upper adherent 
4. Spew fillet development 
This is a summarised list of the four identified practical considerations presented in Section 2.8.1 of 
Chapter 2. Through the literature review presented in Chapter 2 and the review of materials shown in 
Chapter 3, a firm foundation for the studies of weld polymer flow was formed. It was identified in 
Chapter 3 that a processing temperature of 165°C is below the fully-amorphous temperature of PVDF; 
therefore, the 165°C simulations presented in this chapter are not practical for welding TCW joints 
but have been included as an extreme case. 
This chapter begins with a simplified analysis of squeeze flow within TCW joints using analytical, 
infinite length parallel plate solutions. As analytical solutions are only capable of modelling TCW 
joints to a certain level of complexity, they were primarily used to provide a baseline understanding 
of the squeeze flow behaviour within TCW joints; as well as providing a means of estimating the 
initial shear-rate within TCW joints required for the formation of numerical analyses. 
Finite Element Analysis (FEA) of TCW joints forms the majority of this chapter, taking into account 
the four practical considerations of a TCW joint insufficiently modelled using analytical solutions 
alone. All simulations in this chapter have been produced using MSC Marc and Mentat 2013 
(produced by MSC Software Corporation) Analytical solutions were used to validate the FEA 
framework for squeeze flow, with analytical solutions and experimental methods used to validate the 
FEA framework for laminate construction. Each practical consideration was analysed using a 
systematic approach with the outcomes comparable to one another. Once each of these considerations 
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had been implemented and the effects analysed, a top-hat stringer was modelled; the closest 
representation modelled to date of a TCW joint likely to be used in aircraft manufacturing. 
4.2 Analytical Squeeze Flow Solutions 
4.2.1 Analytical Results 
Analytical solutions were produced to provide an initial understanding of squeeze flows within TCW 
joints. The first analytical model presented was formed using a modification of Equation 2.8 (seen in 
Equation 4.1) describing squeeze flow under a constant velocity boundary condition. The reaction 
force was measured using an arbitrary viscosity of 140000 Pa.s and an approach velocity of 1.67e-6 
m/s. This type of representation will be used to validate the first FEA models formed, using identical 
boundary conditions and geometric parameters. 
 𝐹 =
𝑙𝑏3ℎ̇𝜇
ℎ3
 4.1 
 
Figure 4.1: Squeezing Force under a Constant Velocity Boundary Condition: ḣ = 1.67e-6, μ = 140000 Pa.s 
Figure 4.1 shows that as the two adherents approach each other, the squeezing force increases as time 
progresses. Therefore, to maintain a constant velocity boundary condition the load applied increases 
as the interface thins. A constant load boundary condition can also be represented using analytical 
solutions (Equation 4.2). Figure 4.2 presents a representation of the change in thickness over time for 
a simplified TCW joint (the parameters used can be seen in the caption of Figure 4.2). 
 ℎ1(𝑡) = √{
2𝑡𝑃
𝜇𝑏2
+
1
ℎ0
2}
−1
 4.2 
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Figure 4.2: Thickness Evolution of TCW Joints using Constant Viscosities (Table 3.13), b = 25mm, P = 100 kPa, h0 = 
250μm, t = 900 sec (Equation 2.6) 
For a constant load boundary condition as time progresses, the closing velocity of the plates decreases 
as the two plates approach each other (signified by the flattening of the curves as they approach 𝑡 = 
900 sec). The effect of viscosity is also observed (the higher the temperature the lower the viscosity); 
therefore, the greater the thickness reduction under the same loading conditions. The viscosities used 
for each temperature presented in Figure 4.2 are found Table 3.13. 
The boundary conditions modelled using analytical solutions provide two methods of validation for 
the initial FEA framework developed for the numerical analysis of squeeze flows within TCW joints 
(as seen in Section 4.3 – FEA Simulation Framework). 
4.2.2 Estimation of Initial Shear-Rate 
To accurately represent TCW joints using FEA methods, an estimate of the initial shear rate within 
the joints must be calculated. This was conducted using analytical solutions; as the FEA code requires 
the initial shear-rate to estimate the viscosity (for non-Newtonian fluids) during the initial iteration. 
Once this estimate has been used in the initial iteration, the FEA code is capable of calculating a more 
accurate shear-rate for subsequent iterations. 
An estimate of the initial shear-rate is found using Equation 2.6 to calculate the initial closing velocity 
𝑉𝐶. The shear-rate can be calculated using Equation 4.3: 
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 𝜀̇ =
𝑉𝑜𝑢𝑡
ℎ1
 4.3 
 𝑉𝑜𝑢𝑡 =
𝑉𝐶𝑏
2ℎ1
 4.4 
where 𝑉𝑜𝑢𝑡 is the velocity out of the joint calculated using Equation 4.4, and ℎ1 is the current joint 
thicknessi. The initial shear-rates were calculated for each joint width (ranging from 12.5mm to 
70mm) and each viscosity (ranging from 165°C to 195°C, using Newtonian properties), with an initial 
PVDF interface thickness of 250μm; the minimum and maximum initial shear-rates calculated for the 
combinations of joints and temperatures ranged from 0.0076 s-1 and 0.1104 s-1 respectively. This falls 
well within the shear-rate range measured in the Rheometric Investigation (Section 3.4) of 0.0016-
15.92 s-1. 
It is of interest to note that the lowest initial shear-rate estimated (of 0.00153 Hz) for TCW joints (for 
a range of initial PVDF interface thicknesses ranging from 50μm to 500μm) is nearly identical to the 
lowest shear-rate recorded (of 0.0016 Hz) in the Rheometric Investigation.  With a difference of 
approximately 5%, it is deemed that the rheometric properties that have been recorded are able to 
accurately model the entire shear-rate range present in TCW joints as the viscosity at these shear-
rates is assumed to be constant. 
4.3 FEA Simulation Framework 
Presented in this section of the chapter is a detailed description of the FEA modelling parameters 
implemented for the analysis of squeeze flow within TCW joints. As a film thickness of 125μm is 
often used in the co-curing stage of TCW, the initial thickness of the PVDF present within a joint 
when two surfaces are mated together for welding is taken as approximately 250μm. Five joint widths 
were investigated: 12.5mm, 25mm, 35mm, 50mm, and 70mm; with a common width of 25mm 
highlighted throughout this chapter. The Aspect Ratio (AR) comparing joint width and thickness are 
presented in Table 4.1. Two material models have been used, including a Newtonian material model 
represented by the constant viscosity values shown in Table 3.13 and the non-Newtonian material 
model represented by the curves shown in Figure 3.21. The Newtonian material model was only used 
to validate the FEA simulation framework; once this was complete the non-Newtonian models were 
used for all remaining models. For both material models, a rigid-plastic representation of the fluid 
was used to ensure that elasticity and compressibility were eliminated. The MSC Marc/Mentat 
manuals recommend that if a rigid-plastic material model is used, a direct substitution method should 
                                                 
i In the case of the initial shear-rate estimate, ℎ1 refers to the initial joint thickness. 
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be used to solve the stiffness matrix (see Appendix D – Volume Disparity Issues for a further 
discussion on this topic) [194]. 
Table 4.1: Aspect Ratios of TCW Joints for Squeeze Flow Modelling 
12.5mm 25mm 35mm 50mm 70mm 
50 100 140 200 280 
In all simulations a Lagrangian representation was used due to its ability to model the free surface 
and internal deformations, using an implicit scheme. The implicit scheme used to model squeeze flow 
is crucial to the efficiency of forming a converged solution [27, 36-39, 41]. Every FEA simulation 
presented in this study implements a no-slip fluid-structure interaction between the PVDF and the 
adherents; additionally, if the PVDF melt came into self-contact, a no-slip interaction was enforced. 
The no-slip fluid-structure interaction is necessary due to the strong interface formed between the 
PVDF and the carbon-epoxy prepreg during co-curing [67]. Unless otherwise stated, the upper 
adherent (for both the rigid parallel plate and Elastic Upper Adherent (EUA) cases) was loaded with 
a 100 kPa pressure load, with the lower adherent always rigid and fixed. In all simulations, a loading 
period of 900 sec was used. This time was chosen as it represents the dwell period conventionally 
used for the welding of TCW joints (see Figure 1.3). 
It should also be noted that the surface between the fluid and structure is modelled as a flat surface, 
even though this profile is not perfectly smooth for real TCW joints. Figure 4.3 shows the 
PVDF/epoxy interface for a welded TCW joint; it shows uneven characteristics yet it can still be 
approximated as smooth; this approach was also employed by Smiley [31] with a similar fluid-
structure interface shown in Figure 2.17. If these surface profile variations were to be implemented 
within FEA simulations, the increase in complexity would significantly impact the computational 
efficiency. In Figure 4.3 the dark grey material between the layered composite adherents is the PVDF; 
within the layered composite adherents, the lighter grey material layers are 0° plies and the whiter 
more light-reflective material layers are 90° plies. 
 
Figure 4.3: Cross-Sectional Image of Interface, 𝑏 = 10mm, 185°C, TCW Weld Cycle 
PVDF 
0° ply 
90° ply 
PVDF/Epoxy 
Interface 
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In all simulations Element 80 was used to model the PVDF material domain, defined in the MSC 
Marc/Mentat user manual [195]. This element is capable of modelling large strains when the updated 
Lagrange procedure is selected, as implemented in all simulations. Additionally, only half the joint 
width will be modelled in each simulation due to the symmetric nature of the geometry (defined as 
the half-width). A mesh density of five elements through the thickness (50μm x 50μm elements) will 
be used for all modelsii unless otherwise stated. The accuracy of this mesh density has been shown 
through a mesh density analysis (see Figure 4.4). A trade-off between computational efficiency and 
mesh density (accuracy) when modelling TCW joints had to be balanced; the difference shown in 
Figure 4.4 is the difference between the analytical final thickness and the FEA final thickness. 
 
Figure 4.4: Mesh Density Analysis 
Due to the large strains present when modelling squeeze flow in TCW joints, remeshing is required 
to avoid singular elements forming due to element distortion. An adaptive meshing scheme was used 
for each simulation produced (containing fluid flow). There are a number of ways for activating 
remeshing in MSC Marc/Mentat, these include increment frequency, immediate re-meshing, element 
distortion, and strain change [196]. To increase efficiency and avoid unnecessary remeshing, 
remeshing was only activated when element distortion reached a tolerance. Remeshing using element 
distortion is triggered when the inner angle of an element is greater than 175° and less than 5° [196]. 
Additionally, element edge lengths have been set so that they cannot reduce below a tolerance of 
40μm during remeshing; this ensures that the computational time is not increased due to a larger 
number of elements forming. 
In simulations which contain an elastic upper adherent, composite elements were used from the MSC 
Marc/Mentat element library; Element 153 was chosen. Element 153 is an isoparametric, plane strain, 
                                                 
ii For the comparison of forces between analytical and numerical methods an element thickness of 1mm was chosen, 
ensuring that both methods contained identical parameters. 
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eight-node composite element in which different material properties can be used for different layers 
within the element [197]. Compared to Element 151, Element 153 provides a greater accuracy due to 
the quadratic shape function capability due to an additional node located at the centre of each element 
edge [198]. Element 153 requires at least two materials layers for each element; to ensure the greatest 
accuracy of the adherent deflection six elements will be used in the thickness direction (12 plies as 
seen in Equation 3.1). 
The material properties that were used have been sourced from the results presented in Chapter 3. 
Table 4.2 defines the material properties used from Chapter 3 for each FEA study presented in this 
chapter. The properties used for Element 80 are the fluid properties, and the properties used for 
Element 153 are the composite properties; each section of this chapter reiterates which properties 
have been used. 
Table 4.2: Material Properties used for each FEA Study Presented in Chapter 4 
FEA Study 
Fluid Properties 
(Element 80) 
Composite Properties 
(Element 153) 
Validation of Squeeze Flow 
(Section 4.4.1) 
Section 3.4, Table 3.13 - 
Validation of Composite Adherent 
(Section 4.4.2) 
- 
Section 3.2, Table 3.4; 
Section 3.5, Table 3.25 
Non-Newtonian Material Properties 
(Section 4.5.1) 
Section 3.4, Figure 3.21 - 
Initial Geometry of PVDF Layers 
(Section 4.5.2) 
Section 3.4, Figure 3.21 Section 3.2, Table 3.4 
Elastic Upper Adherent 
(Section 4.5.3) 
Section 3.4, Figure 3.21 
Section 3.2, Table 3.4; 
Section 3.5, Table 3.25 
4.4 Validation of FEA Models 
Modelling of TCW squeeze flow using FEA methods required validation to ensure that the models 
were producing accurate and reliable results; the FEA framework was validated using analytical and 
experimental solutionsiii. This section of the chapter includes a validation of the methods used for the 
modelling of the fluid domain and the composite elastic upper adherent. 
4.4.1 Validation of Squeeze Flow 
Validation of the FEA simulation framework for squeeze flow was conducted using a simple 
analytical representation of TCW joints. This validation provides a solid foundation for the 
                                                 
iii Experimental validation for the laminate FEA framework only. 
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incorporation of the practical considerations presented in Section 4.5. This method of validating the 
simplest FEA model using analytical solutions was shown to be successful by Goshawk [71] (see 
Figure 2.37), hence why this approach was employed for the work presented in this chapter.  The 
validations will be conducted using a Newtonian material model as the analytical models are not 
capable of representing a non-Newtonian material model. The geometrical representations used for 
the analytical and FEA models are presented in Figure 4.5 a). A representation of the initial mesh 
density for a 12.5mm wide joint is shown in Figure 4.5 b). 
 
a) 
 
b) 
Figure 4.5: Geometrical Representation for Models used for Analytical Validations; a) Initial and Transient Geometry, 
b) FEA Initial Mesh Density (𝑏 = 12.5mm, ℎ0 = 250μm) 
The squeeze flow validation was conducted in two ways: 
1. Comparing the instantaneous load to analytical solutions for a constant velocity boundary 
condition 
2. Comparing the final thickness of the TCW joint to analytical solutions after 900 seconds (15 
minutes) for a constant load boundary condition 
For the constant load boundary condition a comparison is made using the instantaneous load 
(Equation 4.1) at the first time step available in the FEA simulation (increment 1: 0.5 sec). The 
difference between the analytical solutions and the FEA solutions are shown in Table 4.3, with very 
good agreement allowing for the constant load boundary condition to be attempted. 
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Table 4.3: Difference between Analytical and FEA Solutions - Constant Velocity Boundary Condition (μ = 140000 
Pa.s, VC = 2.5e-6 m/s, t1 = 0.5 sec) 
Thickness, 𝒉 
(μm) 
Width, 𝒃 
(mm) 
AR 
Force – Eq. 4.1 
(N) 
Force – FEA 
(N) 
Difference 
(%) 
250 12.5 50 44.41 44.11 0.68 
250 25 100 355 353 0.63 
Presented in Table 4.4 are the percentage differences between each of the cases modelled for the 
constant load boundary condition; Newtonian material properties were used for this validation (Table 
3.13). Figure 4.10 a) shows the final geometry of a 25mm wide TCW joint when squeezed over 900 
seconds; the spew fillet is clearly observediv. 
Table 4.4: Difference between Analytical and FEA Solutions - Constant Load Boundary Condition 
Temperature 
(°C) 
12.5mm 25mm 35mm 50mm 70mm 
165 3.66% 1.24% 0.68% 0.38% 0.15% 
175 4.15% 1.54% 0.87% 0.53% 0.22% 
185 4.93% 1.88% 1.01% 0.67% 0.30% 
195 6.29% 2.15% 1.19% 0.85% 0.34% 
It can be seen in Table 4.4 that there is good agreement between the analytical solutions and the 
Newtonian FEA solutions. For example, for a processing temperature of 185°C, and a 25mm joint 
width the difference is only 1.9% (analytical result = 159.9μm, FEA result = 162.9). The greatest 
difference was observed for the 12.5mm joints. The smaller AR also gave the larger difference for 
the constant velocity boundary condition as well. The greater difference observed for smaller aspect 
ratio joints is expected to be due to Assumption iii made for the analytical solutions. In literature a 
lower aspect ratio limit is not reported, therefore what defines an allowable squeeze film thickness 
for analytical solutions is up to interpretation. A graphical representation of the change in thickness 
over time can be seen presented in Figure 4.6 for the 25mm wide joints at all temperaturesv; the 
accuracy of the method used for the production of these results is comparable to the accuracy seen in 
Figure 2.37. Figure 4.6 shows the greatest difference for the 195°C case as shown in Table 4.4; 
however, the magnitude of the difference is of no concern. Therefore, the squeeze flow FEA 
framework has been validated using analytical solutions. 
                                                 
iv For Newtonian material properties. 
v The analytical curves are identical to those seen in Figure 4.2. 
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Figure 4.6: Thickness Evolution of TCW Joints – Analytical vs. FEA Solutions, b = 25mm, P = 100 kPa, h0 = 250μm, t 
= 900 sec 
4.4.2 Validation of Non-Rigid, Elastic Upper Adherent (EUA) 
Cantilever Beam – Analytical Validation 
The non-rigid adherents (or EUAs) presented in the FEA simulations were first validated against 
analytically calculated cantilever beam deflections. Five cantilever lengths were compared varying 
between 6.25mm and 35mm representing the half-width of the upper adherent. Analytical solutions 
were calculated using Green’s equations given by Equation 4.6 and Equation 4.7 (these equations 
incorporate both bending and shear deflections, see Equation 4.5) [199]: 
 𝛿𝑡 = 𝛿𝑏 + 𝛿𝑠 4.5 
 𝛿𝑃𝐿 =
𝑃𝐿3
3𝐸𝐼
+
6𝑃𝐿
5𝐺𝐴
 4.6 
 𝛿𝐷𝐿 =
𝑞𝐿4
8𝐸𝐼
+
𝑞𝐿2
2𝐺𝐴
 4.7 
where 𝛿𝑡 is the total deflection, 𝛿𝑏 is the deflection due to bending, 𝛿𝑠 is the bending due to shear, 
𝛿𝑃𝐿 is the point load deflection, 𝛿𝐷𝐿 is the distributed load deflection, 𝑃 is a point load, 𝐿 is the 
cantilever length, 𝐸 is the modulusvi, 𝐼 is the second moment of area, 𝐺 is the shear  modulus, and 𝑞 
                                                 
vi For the case of composite material 𝐸 is the bending modulus and 𝐺 is the bending shear modulus. 
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is the distributed load. The modulus calculation for the composite elements for 𝐸𝑦
𝑏 was made using 
CLT, with the solution presented in Table 3.21 (analytical values of 𝐸𝑦
𝑏); the shear modulus in bending 
was estimated as being equal to the shear modulus of the matrix (no fibre influence on the through-
thickness shear). The results of the analytical and FEA simulations are shown in Table 4.5 for a point 
load (as defined in Table 4.5 for each cantilever length) and distributed load (100 N/m). 
Table 4.5: Cantilever Beam Deflections for Analytical and Numerical Solutions 
Case 12.5 25 35 50 70 
Cantilever Length (m) 6.25e-3 12.5e-3 17.5e-3 25e-3 35e-3 
Analytical Point Load Deflection (m) 3.98e-6 4.86e-5 1.77e-4 7.16e-4 2.71e-3 
Load (N) 0.625 1.25 1.75 2.5 3.5 
Analytical Distributed Load Deflection (m) 1.65e-6 1.88e-5 6.76e-5 2.71e-4 1.02e-3 
FEA Point Load Deflection (m) 5.52e-6 5.79e-5 1.83e-4 7.45e-4 2.66e-3 
FEA Distributed Load Deflection (m) 2.32e-6 2.39e-5 7.40e-5 2.99e-4 1.05e-3 
Point Load Difference (%) 38.6 19.3 3.4 4.0 2.1 
Distributed Load Difference (%) 40.5 27.1 9.5 10.1 2.5 
It can be seen that the longer the cantilever beam, the smaller the difference between the analytical 
and FEA solutions. The greater the length of the cantilever, the more the bending deflections begin 
to dominate the total deflection; however, the shorter the cantilever length the more dominant the 
shear deflections. As the analytical solutions cannot model the non-homogenous nature of a 
composite material it underestimates the shear deflection. 
Three-Point Bend Test – Experimental Validation 
The experimental investigation presented in Section 3.5 was performed to calculate the flexural 
properties of the layup shown in Equation 3.1. However, it was also used to validate and confirm the 
FEA simulations were accurately modelling the real laminates with a FEA three-point bend test 
simulation produced. To reduce the likelihood of shear deformations producing differences between 
the numerical and the experimental methods, the 94.3mm span length was modelled. The initial and 
final position of the three-point bend FEA model can be seen in Figure 4.7, the arrows in Figure 4.7 
a) indicate the support locations. The boundary conditions applied to the 94.3mm span are identical 
to the experimental span presented in Section 3.5 with a constant displacement applied at the centre 
of the span of 9.4 mm/min. The room temperature material properties were used for this validation 
as presented in Table 3.20. The stress-strain curves for the 94.3mm span with both experimental and 
FEA curves are shown in Figure 4.8. 
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a) 
 
b) 
Figure 4.7: Three-Point Bend Test FEA Geometries (94.3mm Span); a) Initial Iteration, b) Final Iteration (t = 60 sec) 
 
Figure 4.8: Stress-Strain Curves for Three-Point Bending Test Specimens - FEA vs. Experimental Specimens - Span of 
94.3mm 
The bending stiffness calculated from the FEA stress-strain curve (seen in Figure 4.8) is 42.7 GPa, 
slightly lower than calculated for the experimental investigation of 47.6 GPavii. However, comparing 
the stress at a strain of 0.01 gives 426.7 MPa for the FEA model and an average of 429.3 MPa for the 
experimental curves. The composite layup that has been used in this validation has been used to form 
the basis of the composite framework for the elastic adherents. 
                                                 
vii As discussed in Section 3.5, the bending stiffness was calculated at the beginning of the loading period (around 0.002 
m/m). Within this region, the difference in the slope between the FEA and the experimental results is clearly observed. 
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4.5 Practical Considerations for TCW Joints 
In this section of the chapter, the practical considerations identified in Section 2.8.1 have been 
modelled and the results presented. This includes modelling using non-Newtonian weld polymer 
properties, considerations for the initial geometry of the PVDF layers, and modelling using an elastic 
upper adherent. The spew fillets will be discussed within each of the aforementioned sections. The 
effects of these considerations are compared to the validated FEA model, as well as to each other 
using a systematic approach. 
For each of the practical considerations modelled, it should be mentioned that depending on loading 
period (time allowed for squeeze) different overall flow behaviours would be observed; therefore a 
loading period of 𝑡 = 900 sec is used for all simulations presented. The interpretation of these results 
provides a method of analysis that can be applied to simulations modelling any loading period desired. 
4.5.1 Non-Newtonian Material Properties 
The first practical consideration presented is the effect of the non-Newtonian material properties of 
the PVDF polymer melt. These material properties are reported in Section 3.4 and are used for all the 
simulations presented in this chapter from here onwards (up to and including the simulation of the 
top-hat stringer in Section 4.6). Introducing these material properties was the first step in forming a 
full understanding of the flow behaviour within TCW joints. The Newtonian material properties used 
for this section are sourced from Table 3.13 (solely for an initial comparison as presented in Figure 
4.9), and the non-Newtonian material properties are shown in Figure 3.21. 
It was expected that non-Newtonian material properties would lead to a greater reduction in thickness 
which was observed. Shown in Figure 4.9 are the thickness evolution curves for both Newtonian and 
non-Newtonian material models (𝑏 = 25mm). The thickness evolution curves for the Newtonian 
material properties produced using FEA are identical to the plots shown in Figure 4.9, with the plots 
using non-Newtonian material properties overlayed; the final thickness for the non-Newtonian 
material models can be seen in Table 4.6. As predicted, there is a thickness reduction of the joint 
interface for non-Newtonian materials at all temperatures. This effect can only be explained by the 
change in the material properties of the PVDF polymer melt. For example, at all shear rates the 
viscosity for the Newtonian material model remains constant throughout the joint (e.g. 𝜀̇ = 4 Hz, 𝜇 = 
12468 Pa.s); however, for an identical shear-rate the viscosity will always be equal to or lower (e.g. 
𝜀̇ = 4 Hz, 𝜇 = 1634.6 Pa.s) for the non-Newtonian material model. The difference between the final 
thickness of each joint width and temperature simulated can be seen in Table 4.7.  
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Table 4.6: Non-Newtonian Material Model Final Thickness - FEA (in μm) 
Temperature 
(°C) 
12.5mm 25mm 35mm 50mm 70mm 
165 98.1 165.0 196.5 221.1 235.1 
175 89.1 152.4 185.3 213.4 230.5 
185 81.4 139.7 173.3 204.4 224.8 
195 71.0 125.7 159.4 192.7 217.0 
As an example the 25mm wide joint at 185°C gave a final thickness using the Newtonian material 
model of 162.9μm, and a final thickness of 139.7μm using the non-Newtonian material model. It is 
clearly seen that there is a greater reduction in thickness due to the shear-thinning behaviour of the 
fluid. It was also observed that there is a greater agreement between the Newtonian and non-
Newtonian models as the joint width increases (as seen for the 50mm and 70mm joints). This is due 
to the shear-rate for these joint widths an order of magnitude lower than compared to the 12.5mm 
joints. The shear-rates within the larger AR joints are much closer to the zero shear-rate limit where 
the PVDF behaves as a Newtonian material (constant viscosity); this resulted in small variations in 
the final thickness between the two models. It was also observed that an increase in temperature 
(resulting in a decreased viscosity) leads to a greater difference between the Newtonian and non-
Newtonian cases, due to greater flow out of the joint. 
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Figure 4.9: Thickness Evolution of TCW Joints – Newtonian vs. non-Newtonian Material Models, b = 25mm, P = 100 
kPa, h0 = 250μm, t = 900 sec 
Table 4.7: Difference between Newtonian and non-Newtonian Material Model Final Thickness 
Temperature 
(°C) 
12.5mm 25mm 35mm 50mm 70mm 
165 23.52% 13.28% 7.84% 3.77% 1.61% 
175 20.69% 13.10% 8.24% 4.16% 1.80% 
185 19.07% 14.21% 9.54% 5.26% 2.41% 
195 20.15% 15.00% 10.66% 6.53% 3.21% 
The difference between the Newtonian and non-Newtonian thickness evolution profiles shows the 
importance of accurately modelling the PVDF melt material properties. If the wrong viscosity, or 
viscosity behaviour were to be used the results would not reflect the flow behaviour within real TCW 
joints. This was clearly apparent as the viscosity of PVDF was measured in the range of 140000-
180000 Pa.s in a previous study, whereas this study reported a constant viscosity range between 
10000-25000 Pa.s (see Table 3.13). Secondly, using the correct viscosity range without taking into 
account the shear-thinning behaviour of the melt leads to inaccurate results as observed in Figure 4.9 
and Table 4.7. The flow behaviours of the Newtonian material model in Figure 4.10 a) and non-
Newtonian material model in Figure 4.10 b) shown the non-Newtonian spew fillet is larger. The 
figures also show the spew fillet Cross-Sectional Area (CSA) is greater by 27% for the non-
Newtonian case when compared to the Newtonian case (Newtonian CSA: 1.089 mm2; non-Newtonian 
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CSA: 1.378 mm2). This is another clear indication that the use of the non-Newtonian material model 
effectively reduces the viscosity when compared to the Newtonian material model. 
  
a) b) 
Figure 4.10: Squeeze Flow of TCW Joint – Total Displacement X (b = 25mm, t = 900 sec, T = 185°C, P = 100kPa); a) 
Newtonian Material Properties (h1 = 162.9μm), b) non-Newtonian Material Properties (h2 = 139.7μm) 
Of interest from the non-Newtonian analysis conducted, is the nodal reaction forces acting on the 
upper adherent. In literature, it was identified that the pressure distribution across a plate is parabolic 
in nature. The equation (Equation 2.9) presented by Fuller [60] cannot be used for non-Newtonian 
materials, yet it still provides a guide. Figure 4.11 shows the reaction force at the nodes along the 
upper adherent for a 25mm joint at 185°C; showing the parabolic nature of the force (or pressure) 
distribution tending to zero at the edgesviii. 
                                                 
viii Only the half-width of the joint has been shown as seen in Figure 4.5. 
Section 4.5  Practical Considerations for TCW Joints 
142 
 
Figure 4.11: Reaction Force within TCW Joint, b = 25mm, P = 100 kPa, h0 = 250μm, 𝑇 = 185°C 
With a parabolic curve fitted to the reaction force distribution, a 𝑅2 value of 99.97% is obtained. A 
check was also conducted summing the reaction forces at each node along the upper adherent; the 
sum of the forces was equal to the applied load (error of 0.04%). The data for the plot shown in Figure 
4.11 was extracted from the tenth increment, at a time of 5.625 sec; however this force distribution 
remained constant throughout the simulation. An understanding of the pressure (or force) distribution 
is important for the understanding of EUAs as they will deflect under an identical loading as the 
reaction force from the fluid cannot support the adherent near the free edge of the joint (further 
discussion on EUAs presented in Section 4.5.3). 
The consolidation pressure (uniform distributed load) which causes flow out of the joint is a factor 
which assists in the extraction of voids within TCW joints. This form of void migration has been 
identified in the literature presented in Section 2.5 [113]. As the reduction of voids within TCW joints 
is of significant interest (due to their impacts on the quality of a welded joint), the maximum 
displacement in the flow or lateral direction was investigated (Total Displacement X, Figure 4.12). 
The maximum fluid displacement in the flow direction was measured for each temperature and joint 
width; the maximum fluid displacement is reported in Table 4.8. 
Table 4.8: Maximum Lateral Fluid Displacement (mm) within TCW Joints – non-Newtonian Fluid Properties 
Temperature 
(°C) 
12.5mm 25mm 35mm 50mm 70mm 
165 2.74 3.82 3.91 3.99 2.93 
175 2.62 3.92 4.32 5.00 3.81 
185 2.61 5.52 4.53 4.90 4.72 
195 2.57 4.04 5.70 5.51 6.44 
It was observed that the maximum lateral fluid displacement recorded within all TCW joints 
simulated was insignificant compared to the half-width (presented in Table 4.9). For example, in all 
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cases if void reduction was to be based primarily on the flow of PVDF, a void located at or near the 
centre of a joint would not be extracted due to the consolidation pressure alone. It is apparent that for 
the reduction of voids within joints to be effective, another method of void reduction must also be 
used to enhance the void migration potential (e.g. vacuum evacuation, see Chapter 5 for further 
discussion). 
Table 4.9: Void Migration Effectiveness within TCW Joints 
Temperature 
(°C) 
12.5mm 25mm 35mm 50mm 70mm 
165 44% 31% 22% 16% 8% 
175 42% 31% 25% 20% 11% 
185 42% 44% 26% 20% 13% 
195 41% 32% 33% 22% 18% 
 
Figure 4.12: Maximum Lateral Fluid Displacement (x-Direction) 
Spew Fillet 
The spew fillet is an important practical consideration that cannot be modelled using analytical 
solutions. The spew fillet, much like a weld fillet for the welding of metals, provides an immediate 
indication of the joint quality after welding. For example, if a section of a TCW joint does not show 
a weld fillet after the TCW weld cycle this indicates insufficient flow, potentially highlighting an area 
in the joint where insufficient healing or no healing has occur; in turn increasing the likelihood of the 
presence of voids trapped within the interface. Therefore, the spew fillet is of significant interest when 
modelling TCW squeeze flow using FEA methods. The spew fillet cross-sectional area for each non-
Newtonian case (using parallel, rigid adherents) is presented in Table 4.10; with the dimensions of a 
spew fillet shown in Figure 4.13. A check was conducted to confirm conservation of mass by 
comparing the ratio of the final CSA of the half-joint to the initial CSA of the half-joint, with the ratio 
of the final thickness to the initial thickness. For example, the 25mm wide joint at 195°C saw a 
thickness reduction (see Table 4.6) from 250μm to 125.7μm (ratio: 0.503) and a CSA change from 
3.125 mm2 to 1.572 mm2 (calculated by taking the final spew fillet size of 1.553 mm2 [Table 4.10] 
from the initial CSA, giving a ratio of 0.503); this check was successful for all other simulations. 
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Figure 4.13: Individual Spew Fillet Dimensions: Cross-Sectional Area, Width, and Height 
Table 4.10: Individual Spew Fillet Cross-Sectional Area (mm2) – t = 900 sec 
Temperature (°C) 12.5mm 25mm 35mm 50mm 70mm 
Initial CSA of Joint (Half-Width) 1.563 3.125 4.175 6.250 8.750 
165 0.949 1.063 0.936 0.722 0.521 
175 1.006 1.220 1.132 0.915 0.683 
185 1.053 1.378 1.342 1.140 0.881 
195 1.119 1.553 1.586 1.433 1.156 
From this investigation it has been observed that a higher processing temperature results in a greater 
spew fillet CSA. In addition to this observation, as joint width increases the cross-sectional area of 
the spew fillet decreasesix. As well as the spew fillet cross-sectional area, the shape of the fillet is also 
of importance. As the volume may not be trivial to calculate when inspecting the spew fillet, the 
dimensions of the spew fillet (Figure 4.13) provide another means for determining the weld quality. 
Reported below in Table 4.11 and Table 4.12 are the height and width of a spew fillet respectively 
for each case. 
Table 4.11: Spew Fillet Height (μm) – t = 900 sec 
Temperature 
(°C) 
12.5mm 25mm 35mm 50mm 70mm 
165 755.6 797.6 753.4 668.4 579.5 
175 773.9 847.8 822.7 743.8 654.9 
185 791.0 893.9 877.2 822.9 735.5 
195 815.3 948.6 960.8 914.5 828.8 
                                                 
ix With the 12.5mm joints, and the 25mm joint at 195°C the exceptions. 
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Table 4.12: Spew Fillet Width (μm) – t = 900 sec 
Temperature 
(°C) 
12.5mm 25mm 35mm 50mm 70mm 
165 1630.8 1694.9 1566.0 1344.2 1116.0 
175 1696.0 1844.8 1751.9 1545.9 1307.6 
185 1745.4 1980.9 1932.7 1750.3 1513.5 
195 1808.4 2120.0 2126.3 1992.9 1760.3 
For post-weld inspection to be conducted quickly and efficiently a relationship between the spew 
fillet volume, height, and width must be formed to provide an indicative inspection tool; this 
relationship can be seen in Figure 4.14 and Figure 4.15. The simplest parameter to measure from the 
post-weld inspection is the width; therefore, the relationship seen in Figure 4.15 provides a method 
for determining the cross-sectional area as well as the final thickness via Equation 4.9 and Equation 
4.11x. Due to the deviation of the 12.5mm spew fillet curve from the general trend, a separate equation 
needs to be used as shown in Equation 4.10. 
 𝐶𝑆𝐴 =  0.002883𝑠𝑓𝐻  −  1.215197 4.8 
 𝐶𝑆𝐴 =  0.001060𝑠𝑓𝑊  −  0.707210 4.9 
 𝐶𝑆𝐴 =  0.000954𝑠𝑓𝑊,12.5𝑚𝑚  −  0.608677 4.10 
 ℎ𝑓 = ℎ0 −
2𝐶𝑆𝐴
𝑏
 4.11 
where 𝐶𝑆𝐴 is the cross-sectional area, 𝑠𝑓𝐻 is the spew fillet height, 𝑠𝑓𝑊 is the spew fillet width, ℎ𝑓 is 
the final joint thickness, ℎ0 is the initial joint thickness, and 𝑏 is the joint width. 
                                                 
x The R2 values for each of these linear fits are: Equation 4.8, 98.5%; Equation 4.9, 99.4%; Equation 4.10, 99.8%. 
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Figure 4.14: Spew Fillet Relationship – Cross-Sectional Area vs. Height 
 
Figure 4.15: Spew Fillet Relationship – Cross-Sectional Area vs. Width 
4.5.2 Initial Geometry of PVDF Layers 
One major consideration that must be taken into account when modelling TCW joints is the effect of 
the initial geometry of the PVDF layers. In all of the FEA squeeze flow models presented in literature 
the initial fluid domain is identical to that shown in Figure 4.5 a), where the fluid domain is 
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rectangular in geometry at the beginning of the analysis [36-38, 74, 76-78]. In the case of TCW joints, 
this is not the correct geometrical representation. As the PVDF within a TCW joint consists of two 
films with a thickness of 125μm, this contributes to a total 250μm thickness within the joint. To allow 
for tolerances within the manufacturing process, the PVDF layer that is a part of the lower adherent 
will always have a greater width than the upper adherent (see Figure 4.16). The PVDF in contact with 
the upper adherent is modelled with the same width as the upper adherent, and the PVDF in contact 
with the lower adherent continues past the interface with the upper adherent. There is no standard 
width for the PVDF co-cured into the lower adherent. For the sake of the simulations produced for 
this PhD thesis, the lower PVDF film extends 7.5mm past the upper adherent as previously produced 
by CRC-ACS for demonstrator panels. The total thickness between the adherents remains at 250μm, 
with the PVDF in contact with the lower adherent, outside the interface, modelled with a thickness 
of 125μm. This investigation was conducted to identify the effect, if any, on the flow behaviour within 
TCW joints due to the ‘bed of PVDF.’ 
 
Figure 4.16: Geometrical Representation for Initial PVDF Geometry Consideration - Initial and Transient Geometry 
The FEA initial geometry of the joint exit and the mesh density are shown in Figure 4.17. As the fluid 
domain was split into two, eight elements through the thickness of the joint were used resulting in an 
initial element size of 31.25μm x 31.25μmxi. The focus of these simulations will be on the 25mm 
wide joints only as the conventional stringer foot width of a top-hat stringer is approximately 27mm 
(as seen in Figure 4.30), with all four temperature options modelled (165-195°C). 
                                                 
xi To ensure that the mesh density was not a cause of the difference between models, the same mesh density was used for 
the simulations without a PVDF bed, presented in Table 4.13. This is one case where the mesh density has been altered 
as compared to the FEA Framework defined in Section 4.3. 
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Figure 4.17: FEA Representation for Simulation of Fluid Bed Effects, Mesh Density Shown, b = 25mm 
It was expected that the effect of the PVDF at the exit of the joint would slightly restrict the flow of 
PVDF from inside the joint resulting in a greater thickness after 900 seconds, compared to the non-
Newtonian models without the bed of fluid. However, overall the change in thickness of these joints 
compared to the models without a fluid bed were minimal. There was a trend observed which showed 
that the fluid bed actually assisted the flow; yet, it is not significant enough to have an impact on the 
overall behaviour of the fluid flow (see the comparison in Table 4.13). It was also observed that an 
increase in temperature resulted in an increase in assistance of flow due to the fluid bed. The 
difference between the simulations without and with the bed of PVDF are not deemed significant 
enough to require the PVDF bed to be included in all simulations of TCW joints, therefore reducing 
complexity and computational time. All simulations presented in this thesis from here onwards are 
modelled without the fluid bed. 
Table 4.13: Effect on Final Central Thickness for Simulations without and with Bed of PVDF, b = 25mm 
Temperature 
(°C) 
w/o Bed of 
PVDF (μm) 
w/ Bed of 
PVDF (μm) 
Difference 
(%) 
165 165.0 163.5 0.9 
175 152.4 150.7 1.1 
185 139.7 137.9 1.3 
195 125.7 123.7 1.6 
Spew Fillet 
As a real welded TCW joint will always contain the PVDF layer allowing for manufacturing 
tolerances (as presented in Figure 4.16), the effect of its presence on the spew fillet must be 
investigated and reported. The PVDF area squeezed out of the joint (seen in Table 4.14) only differs 
slightly, however the height and width change is greater (seen in Table 4.15 and Table 4.16 
respectively). The manner in which the PVDF height was measured differed slightly from the 
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simulations not containing a fluid bed; the spew fillet height is defined as seen in Figure 4.18, and a 
simulated spew fillet from MSC Marc/Mentat in Figure 4.19. The height is measured as seen in Figure 
4.18 as the surface of the lower PVDF layer is the only suitable reference point for measuring the 
height. 
Table 4.14: Effect on Spew Fillet Area for Simulations without and with Bed of PVDF, b = 25mm 
Temperature 
(°C) 
w/o Bed of 
PVDF (mm2) 
w/ Bed of 
PVDF (mm2) 
Difference 
(%) 
165 1.063 1.081 1.7 
175 1.220 1.241 1.7 
185 1.378 1.401 1.7 
195 1.553 1.579 1.7 
Table 4.15: Effect on Spew Fillet Height for Simulations without and with Bed of PVDF, b = 25mm 
Temperature 
(°C) 
w/o Bed of 
PVDF (μm) 
w/ Bed of 
PVDF (μm) 
Difference 
(%) 
165 797.6 744.3 6.7 
175 847.8 820.7 3.2 
185 893.9 877.1 1.9 
195 948.6 928.8 2.1 
Table 4.16: Effect on Spew Fillet Width for Simulations without and with Bed of PVDF, b = 25mm 
Temperature 
(°C) 
w/o Bed of 
PVDF (μm) 
w/ Bed of 
PVDF (μm) 
Difference 
(%) 
165 1694.9 1855.3 9.5 
175 1844.8 1989.4 7.8 
185 1980.9 2152.3 8.7 
195 2120.0 2297.7 8.4 
 
Figure 4.18: Spew Fillet Dimensions: Width and Height 
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Figure 4.19: Spew Fillet Formation for Simulations Containing a Fluid Bed of PVDF 
When following the method used to relate the spew fillet dimensions to the area of the spew fillet 
itself, the trend seen in Equation 4.12 was obtained: 
 𝐶𝑆𝐴 = 0.001110𝑠𝑓𝑊 − 0.975794 4.12 
By comparing Equation 4.12 to Equation 4.9, it can be seen that the differences between the two 
equations are rather small; however, the difference between the factors subtracted could have a 
significant effect on the 𝐶𝑆𝐴 calculation. Additionally, the maximum fluid displacements observed 
for these joints were nearly identical to the cases without the fluid bed, hence the results are not 
reported. 
4.5.3 Elastic Upper Adherent 
The third important practical consideration for TCW joints is modelling the Elastic Upper Adherent 
(EUA). As the upper adherent is a composite laminate, under load it cannot be accurately modelled 
as a rigid adherentxii. Only non-Newtonian PVDF polymer melt properties are used for these 
simulations (Figure 3.21); both room temperaturexiii (Table 3.4) and elevated temperature (Table 3.25) 
properties are used for the EUA. The PVDF layer outside of the joint exit has not been included (see 
Section 4.5.2). The construction of the composite layup of the EUA within MSC Marc/Mentat was 
formed using an identical method to that presented in Section 4.4.2 - Validation of Non-Rigid, Elastic 
Upper Adherent. An example of the EUA modelled within the FEA package is shown in Figure 4.20; 
each layer (L1, L2, etc.) represents two plies of the layup seen in Equation 3.1. The parameters 
                                                 
xii The lower composite adherent has been modelled as rigid. The lower adherent (e.g. skin) would likely be supported by 
a tool plate during the welding stage of TCW; therefore, it was assumed that the fluid-structure interaction between the 
fluid and the lower composite adherent was accurately modelled using a rigid plate. 
xiii It must be noted that the Poisson’s ratio 𝑣12 had to be reduced from 0.27 to 0.23 to satisfy internal checks within MSC 
Marc. 
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introduced in this section of the thesis are: deflection (𝛿), edge thickness (ℎ𝑒), and centre thickness 
(ℎ𝑐) shown in Figure 4.21; the relationship between the parameters are given be Equation 4.13: 
 ℎ𝑒 = ℎ𝑐 − 𝛿 4.13 
 
 
Figure 4.20: FEA Representation for Simulation of Elastic Upper Adherent, Material Properties Identified, b = 12.5mm 
The first effect observed when modelling using an EUA was the difference in the final thickness 
between the centre and edge of the stringer, indicating deflection (𝛿) of the upper adherent (see Figure 
4.21 for a graphical representation); the values for the centre and edge thicknesses can be seen in 
Table 4.17. Due to the lower reaction force of the fluid near the edge of the joint (see Figure 4.11), a 
smaller polymer thickness was observed at this location as compared to the centre of the joint; 
occurring for all cases modelled with EUAs. For example, for a 25mm wide joint at 185°C the model 
gives a central thickness of 141.1μm and an edge thickness of 138.7μm. This is in comparison to the 
final thickness of 139.7μm for the parallel plate case. 
 
Figure 4.21: Edge and Centre Thickness for Elastic Upper Adherent Models 
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Table 4.17: Centre and Edge Thickness for Squeeze Flow Models Containing Composite Upper Adherents (in μm), 
after 900 sec 
Temperature 
(°C) 
12.5mm 25mm 35mm 50mm 70mm 
𝒉𝒄 𝒉𝒆 𝒉𝒄 𝒉𝒆 𝒉𝒄 𝒉𝒆 𝒉𝒄 𝒉𝒆 𝒉𝒄 𝒉𝒆 
165 98.5 98.3 166.3 164.0 201.0 192.9 232.0 201.9 258.7 175.0 
175 89.2 88.9 153.8 151.5 190.6 182.6 225.1 195.1 257.3 168.8 
185 81.3 81.0 141.1 138.7 178.9 170.9 217.1 187.2 254.7 163.4 
195 71.0 70.8 127.2 124.8 164.9 157.0 206.5 176.7 250.5 157.7 
The observed difference between the two models for the final thickness in the 12.5mm and 25mm 
simulations with an elastic upper adherent varied little (ℎ𝑒,1~ℎ𝑐,1), if at all, in comparison to the 
parallel plate cases (see Table 4.18). This is due to the magnitude of the curvature amplitude of the 
upper adherent; compared to the overall thermoplastic thickness the amplitude is very small. For 
example, the amplitude (𝛿 = ℎ𝑓 − ℎ𝑒) of the 12.5mm joints is 0.23μm which is 0.1% of the overall 
thickness and the 25mm joints give an amplitude of 2.3μm, approximately 1% of the overall 
thickness. The 12.5mm joint with an EUA at 185°C gave a ℎ𝑐,𝑓 value of 81.3μm, and the parallel 
plate case gave a ℎ𝑓 value of 81.4μm, a difference of less than 0.2%. Also, the 25mm joint gave ℎ𝑐,𝑓 
= 141.1μm for the EUA case and ℎ𝑓 = 139.7μm for the parallel plate case, a difference of 1%. As 
identified by Hays [32], for a small amplitude compared to the overall thickness the flow behaviour 
does not change significantly, as discussed in Section 2.2.2. This is also confirmed by comparing the 
change in the spew fillet size, with differences of less than 0.5% compared to the parallel plate cases 
for all 12.5mm and 25mm cases (as seen in Table 4.19). 
It was also observed for the 12.5mm to the 50mm cases, the deflection of the EUA was constant 
between each temperature, as well as being constant from the beginning of the analysis to the end of 
the analysis (excluding the initial seconds of the simulation). Figure 4.22 shows the stringer 
displacement vs. time for the 25mm joints; Figure 4.22 c) shows that the stringer deflection is constant 
throughout the simulationxiv, as well as between temperature cases. The only period in which the 
deflection is not constant is the initial loading period as the EUA is initially parallel at 𝑡 = 0. In 
addition, Figure 4.23 shows the difference of the EUA stringer deflections in comparison to parallel 
plates. It can be seen for the 25mm joints at 185°C, although the overall difference between the EUA 
and the parallel plate deflection are minimal the change in thickness at the centre is slower, with the 
change in the edge thickness higher. 
                                                 
xiv Excluding the initial loading period (total stringer deflection does begin at zero; however, with the scale shown in this 
figure it cannot be observed) and odd spike in the curve due to small numerical inaccuracies. 
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Figure 4.22: Stringer Displacement vs. Time (25mm); a) Total Displacement Y at Centre of Stringer, b) Total 
Displacement Y at the Edge of Stringer, c) Deflection Amplitude 
Table 4.18: Difference between Centre and Edge Thickness for Squeeze Flow Models using EUAs (in μm) 
Temperature 
(°C) 
12.5mm 25mm 35mm 50mm 70mm 
165 0.23 2.32 8.04 30.10 83.69 
175 0.24 2.34 8.01 29.98 88.45 
185 0.23 2.34 8.01 29.91 91.34 
195 0.23 2.33 7.92 29.82 92.79 
 
Figure 4.23: Thickness Evolution of EUA Joints Compared to Parallel Plate (PPl) Joints, 25mm Joint 
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For the 35mm joints and above, the magnitude of the EUA deflection begins to increase significantly 
compared to the 12.5mm and 25mm wide joints; amplitude percentages of 3.2%, 12.0%, and 35.6%xv 
are observed for the 35mm, 50mm, and 70mm wide stringers respectively. It was seen when analysing 
the spew fillets that overall the 35mm and 50mm stringers begin to trap fluid within the joint as the 
total spew fillet area (compared to the parallel, rigid adherent cases) reduced by approximately 3% 
for both sets of stringersxvi (see Table 4.19). In the case of the 70mm wide stringers however, the 
spew fillet area increases by up to 53% as seen in the 165°C case. 
Table 4.19: Difference between Parallel Plate Spew Fillet CSA and EUA Spew Fillet CSA 
Temperature 
(°C) 
12.5mm 25mm 35mm 50mm 70mm 
165 -0.2% -0.5% -2.5% 2.2% 52.5% 
175 0.0% -0.5% -3.4% -0.7% 33.4% 
185 0.2% -0.4% -3.2% -2.8% 17.5% 
195 0.0% -0.4% -2.7% -4.3% 4.5% 
 
Figure 4.24: Joint Displacement vs. Time (50mm and 70mm); a) Total Displacement Y at Centre of Joint, b) Deflection 
Amplitude 
                                                 
xv The value of 35.6% is an average of the amplitude percentages of the four temperature cases modelled for the 70mm 
joints. 
xvi This excludes the 50mm joint at 165°C where an increase is the spew fillet size of approximately 2% was observed. 
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Figure 4.25: Zoomed View of Figure 4.24 a) Showing Increase in Centre Thickness 
Most interestingly, the 70mm wide joint modelled with an elastic upper adherent indicated an increase 
in thickness at the centre of the joint during the 900 sec loading period, contrasting with the rest of 
the models that indicated a decrease in the central thickness. When plotting the displacement in the 
thickness direction (Y axis) at the centre of the stringer it was observed that the thickness at the centre 
increased, then decreased (Figure 4.24) with a maximum thickness (~259μm) for all four 
temperatures at the centre of the joint, with the maximum for each temperature occurring at a different 
time. The trend being, the lower the temperature the later maximum thickness is reached. It can also 
be seen in Figure 4.24 b) that the deflection of the upper adherent does not settle to a constant 
throughout the loading period simulated (as was observed in Figure 4.22 for the 25mm joints), which 
explains the difference in the stringer deflections reported for the 70mm joints in Table 4.18. 
The effect of increasing central joint thickness occurs for the 50mm joint widths as well, shown 
alongside the 70mm joints in Figure 4.24 and Figure 4.25. However this effect is not as pronounced; 
with the same behaviour only occurring during the initial period of loading with a maximum central 
joint thickness of approximately 253μm. What is interesting for the 50mm joints is that the evolution 
of the central thickness showed a combination of behaviours; the behaviour observed for the 70mm 
joints (see in Figure 4.24 a)) was seen for the initial period of loading, and then the behaviour seen 
for the 25mm joints (see in Figure 4.22 a)) was seen after the stringer deflection settled to a constant. 
This shows that the flow behaviour is not trivial for each joint, and is highly dependent on the joint 
width, processing temperature, and loading period. 
The increase is central joint thickness (seen for the 50mm and 70mm joints) occurs due to another 
effect of the EUA deflection, this effect is an inwards flow (in-flow) of the polymer melt towards the 
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centre of the jointxvii. Figure 4.26 shows the centre of a 70mm joint at 185°C after a period of 371 
secxviii (of the 900 sec total), where the centre of the stringer is at its maximum (as seen in Figure 4.24 
b) and c)), indicating the point at which the lateral (x) displacement of the in-flow was at its greatest. 
Figure 4.26 a) gives a visual depiction of the inspected region. It is likely that any inward flow will 
not only trap voids located within the welded interface, but it will also inhibit the vacuum evacuation 
of voids from within the interface. Figure 4.24 b) shows that the EUA at the centre of the joint has 
moved up, in the positive Y direction opposite to the loading direction of the pressure. 
 
a)  
 
b) 
                                                 
xvii Overall there is a net flow outwards, indicated be the formation of a spew-fillet from the initial time step. In-flow 
observed occurs within the centre of the joint (or as show in the simulation, the RHS of the domain modelled). 
xviii Figure 4.26 shows 𝑡 = 370 sec as the frequency of visualisation of the results was not high enough to capture 𝑡 = 371 
sec. 
Inspected Region 
Inflow of Fluid 
between Adherents 
Positive X Displacement 
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c) 
Figure 4.26: Representation of Inward Flow Observed for 70mm Wide Joints (Figure Shows 10mm Length of Stringer 
at the RHS of the Modelled Domain), t = 900 sec, T = 185°C; a) Full Joint, a) Total Displacement X (Inspected 
Region), b) Total Displacement Y (Inspected Region) 
This effect observed for the 50mm joints was not as severe, as the maximum stringer elevation seen 
for the 50mm joints was within the first 100 seconds for all four temperature cases; the 185°C case 
indicates that maximum stringer deflection is reached at the centre of the joint at approximately 45 
sec. Visually, the effect was identical to that seen for the 70mm joints (Figure 4.26) hence further 
images have not been shown. 
As was analysed for the parallel plates, the maximum fluid displacement was inspected for each case 
modelled with an EUA. As presented in Table 4.20, the effectiveness of each joint for the removal of 
voids due to the consolidation pressure for the EUAs were very similar to the results observed for the 
parallel plates (seen in Table 4.9). As was also observed for the parallel plates, the consolidation 
pressure alone is not suitable to remove voids trapped within an interface; again, requiring another 
void migration method for the effective removal of voids from within the interface. 
Table 4.20: Void Migration Effectiveness within TCW Joints – EUA 
Temperature 
(°C) 
12.5mm 25mm 35mm 50mm 70mm 
165 43% 26% 15% 13% 9% 
175 43% 27% 30% 15% 11% 
185 43% 33% 34% 17% 10% 
195 43% 28% 30% 19% 10% 
 
Region of Positive Y 
Displacement - Adherent 
Positive Y Displacement 
Region of Positive Y 
Displacement - Fluid 
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Spew Fillet 
Each linear fit presented in Figure 4.27 and Figure 4.28xix relates the spew fillet width and area to the 
thickness at the centre of the joint, the thickness at the edge of the joint will be a set value less than 
seen in the graphs, excluding the 70mm jointsxx. The edge thickness can be determined indirectly 
using Equation 4.14: 
 ℎ𝑒,𝑓 = ℎ𝑐,𝑓 − 𝛿𝑓 4.14 
where ℎ𝑒,𝑓 is the final thickness at the edge of the stringer, ℎ𝑐,𝑓 is the final thickness at the centre of 
the stringer, and 𝛿𝑓 is the final deflection of the EUA. 
 
Figure 4.27: Spew Fillet Relationship – Spew Fillet Width vs. Interface Thickness (Centre) – Elastic Upper Adherent 
The linear fits for the plots seen in Figure 4.27 are as follows: 
12.5mm ℎ𝑐,𝑓 (μm) = −0.141𝑠𝑓𝑊 + 329.27 4.15 
25mm ℎ𝑐,𝑓 (μm) = −0.091𝑠𝑓𝑊 + 319.25 4.16 
35mm ℎ𝑐,𝑓 (μm) = −0.064𝑠𝑓𝑊 + 299.94 4.17 
                                                 
xix Each of the fits seen in Figure 4.27 and Figure 4.28 have at the least an R2 value of 95.7 % with an average R2 value 
of 99.5%. 
xx The 70mm joints did not settle to a constant deflection (during the welding period studied) therefore the edge thickness 
needs to be determined using the deflection for each temperature. 
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50mm ℎ𝑐,𝑓 (μm) = −0.046𝑠𝑓𝑊 + 296.45 4.18 
70mm ℎ𝑐,𝑓 (μm) = −0.022𝑠𝑓𝑊 + 290.41 4.19 
Using Equation 4.15 to Equation 4.19 the interface thickness can be estimated from the measured 
width of the spew fillet; 𝑠𝑓𝑊 to be given in μm. In a similar manner, the thickness at the centre of the 
joint can be calculated using the spew fillet area (as presented in Figure 4.28); 𝐶𝑆𝐴 to be given in 
mm2. These equations are as presented in Equation 4.20 to Equation 4.24: 
12.5mm ℎ𝑐,𝑓 (μm) = −159.9𝐶𝑆𝐴 + 248.97 4.20 
25mm ℎ𝑐,𝑓 (μm) = −80.0𝐶𝑆𝐴 + 250.97 4.21 
35mm ℎ𝑐,𝑓 (μm) = −57.3𝐶𝑆𝐴 + 253.2 4.22 
50mm ℎ𝑐,𝑓 (μm) = −40.1𝐶𝑆𝐴 + 261.6 4.23 
70mm ℎ𝑐,𝑓 (μm) = −20.2𝐶𝑆𝐴 + 275.2 4.24 
 
Figure 4.28: Spew Fillet Relationship – Spew Fillet Area vs. Interface Thickness (Centre) – Elastic Upper Adherent 
TCW Dwell Temperature 
Elevated temperature properties for the composite laminate were then implemented to identify if there 
was any change in the effect on the flow dynamics of the PVDF polymer melt. Initially the material 
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properties seen in Table 3.25xxi were implemented in the FEA codes; however, the exact properties 
could not implemented within the FEA package without violating inbuilt stability checks. For these 
checks to be satisfied the material properties as seen in Table 4.21 (ET) were usedxxii. 
Table 4.21: Implemented Material Properties for FEA w/ Knock-Down Factors Applied 
Condition 
𝑬𝟏𝟏 
(GPa) 
𝑬𝟐𝟐 
(GPa) 
𝑮𝟏𝟐 
(GPa) 
𝑮𝟐𝟑 
(GPa) 
𝒗𝟏𝟐 𝒗𝟐𝟑 
RT 147 8.53 4.70 3.27 0.23 0.14 
ET 147 8.10 0.35 0.28 0.23 0.14 
The altered material properties are 𝐸22,𝑓, 𝑣12,𝑓, and 𝑣23,𝑓. The lowest possible value of 𝐸22,𝑓 was used 
without violating the checks, and 𝑣12,𝑓 and 𝑣23,𝑓 had to remain as set for the initial simulations 
presented for the room temperature composite properties. The material properties of the upper 
adherent for elevated temperature was analysed for all widths at 185°Cxxiii. 
The final thickness at the centre and edge of the stringer was compared for both temperature cases; 
the centre and edge thicknesses for the EUA joints with the elevated temperature properties are seen 
in Table 4.22. It was observed for the 12.5mm, 25mm, and 35mm joints when comparing the EUA 
and PPl (rigid adherent) cases, the difference was not significant compared to the room temperature 
adherent properties; even for the 50mm case, the difference between the two is not large. However, 
it is apparent that the final deflection amplitude of the 50mm and 70mm stringers is smaller than with 
the room temperature adherent properties (seen in Table 4.23). This could be explained due to a 
different fluid-structure interaction for each set of material properties; Figure 4.29 a) show the 
magnitude of in-flow is not as significant for the elevated temperature properties as the maximum 
thickness at the centre of the stringer is reduced compared to the room temperature properties. The 
difference between the thickness evolution of the EUA with room temperature and elevated 
temperature properties can be seen presented in Figure 4.29. 
 
 
 
                                                 
xxi These properties were calculated using tensile testing specimens at 185°C. 
xxii As the behaviour of the laminates in bending is dominated by the shear stiffness, this compromise was not expected 
to have a significant effect on the accuracy of the final results. 
xxiii The rheometric properties at 165°C, 175°C, and 195°C were not modelled in combination with the EUA using elevated 
temperature properties of the composite adherent (185°C) as the material property temperature conditions were not 
identical. 
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Table 4.22: Centre and Edge Thickness (in μm) for Squeeze Flow Models – Room Temperature vs. Elevated 
Temperature Adherent Properties 
Temperature 
(°C) 
12.5mm 25mm 35mm 50mm 70mm 
𝒉𝒄 𝒉𝒆 𝒉𝒄 𝒉𝒆 𝒉𝒄 𝒉𝒆 𝒉𝒄 𝒉𝒆 𝒉𝒄 𝒉𝒆 
185 – RT 81.3 81.0 141.1 138.7 178.9 170.9 217.1 187.2 254.7 163.4 
185 – ET 81.9 80.8 143.3 138.1 181.3 170.0 216.4 191.5 244.2 193.8 
Table 4.23: Difference between Centre and Edge Thickness for Squeeze Flow Models (in μm) – Room Temperature vs. 
Elevated Temperature Adherent Properties 
Temperature 
(°C) 
12.5mm 25mm 35mm 50mm 70mm 
185 – RT 0.23 2.34 8.01 29.91 91.34 
185 – ET 1.12 5.24 11.28 24.91 50.43 
 
Figure 4.29: Stringer Displacement vs. Time (RT vs. ET); a) Total Displacement Y at Centre of Stringer, b) Total 
Displacement Y at the Edge of Stringer, c) Total Stringer Deflection 
In terms of the effects of the elevated temperature properties on the spew fillet area, there is only a 
significant difference seen for the 70mm wide joints (a reduction of 6%); a comparison of the two 
cases can be seen in Table 4.24. Therefore, through the analyses presented for the elevated 
temperature properties it can be seen that there is no significant effect on the flow behaviour of the 
PVDF melt within the joint due to elevated temperature material properties for the adherentxxiv. 
 
                                                 
xxiv Excluding the 70mm wide stringers; however, this size of TCW joint is likely to be rarely used. 
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Table 4.24: Spew Fillet Area (in mm2) – Room Temperature vs. Elevated Temperature Adherent Properties 
Temperature 
(°C) 
12.5mm 25mm 35mm 50mm 70mm 
185 – RT 1.055 1.373 1.299 1.108 1.035 
185 – ET 1.054 1.363 1.290 1.113 0.969 
4.6 Simulation of Top-Hat Stringer Welding 
4.6.1 Model Definition and Loading Cases 
The final set of FEA simulations presented in this thesis was aimed at modelling the behaviour of a 
top-hat stringer being welded to a skin using the TCW joining technology. This is the culmination of 
a study into the various practical considerations required for a complete analysis of squeeze flow for 
TCW joints. A stringer used by CRC-ACS in other work contributing to the Rapid Assembly project 
(see Section 1.3) can be seen in Figure 4.30; the foot width is ~27mm hence why previously the 
25mm wide joints results have been emphasised. This simulation will model half of the stringer and 
joint making use of the symmetry. 
 
Figure 4.30: Stringer used in TCW Investigations 
The FEA model produced for these simulations is shown in Figure 4.31. The stringer properties were 
modelled using homogenous material properties (plane strain elements) at elevated temperature, as 
opposed to composite lamina properties (composite elements) to reduce the complexity of the models 
(material properties: bending stiffness, 𝐸𝑦2,𝑓
𝑏  = 51.5 GPa, bending Poisson’s ratio, 𝑣𝑥𝑦,𝑓
𝑏  = 0.307, from 
Table 3.25); the simulations also used non-Newtonian PVDF melt properties at 185°C. 
TCW Joint 
Skin 
Stringer 
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Figure 4.31: Initial Setup of TCW Stringer – Material Definitions 
The loading of a TCW stringer differs slightly to the models presented in previous sections. Three 
cases are presented, with two aimed at alleviating severe stringer deformations causing separation of 
the stringer and skin within the TCW joint. In the past it has been observed that when welding is 
conducted using a vacuum bag that the top-hat stringers ‘flare’ when welded without the use of an 
internal mandrel (or bag) between the stringer and skin. Flaring is likely to lead to porosity within the 
joint and the possibility of complete separation between the stringer foot and skin. To alleviate this 
issue two loading conditions were conceived (and trialled experimentally) with the results of 
corresponding FEA simulations presented in this thesis (each method is shown in Figure 4.32). To 
show the effects of a poorly supported stringer, as well as, the advantages of advanced tooling 
methods the following three loading cases were modelled: 
1. No internal support: this method uses the pressure due to the atmospheric differential of the 
vacuum bag only (see Figure 4.32 a)). 
2. Welding bridge: this method uses a rigid aluminium bridge which spans the stringer cap and 
rises (see Figure 4.32 b)). The pressure due to the atmospheric differential of the vacuum bag 
is applied directly to the span of the bridge, with the supports transferring the load to the 
stringer feet only. 
3. Internal bag: this method uses a bag within the space between the stringer and the skin (see 
Figure 4.32 c)). The bag is pressurised to 100 kPa, to equalise the load applied by the 
atmospheric differential due to the vacuum bag; this equalisation aims to ensure that the 
stringer foot does not lift off of the skin. 
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Figure 4.32: TCW Stringer Loading Cases: a) No Support, b) Welding Bridge, c) Internal Bag 
4.6.2 Loading Case 1 – No Internal Support 
Firstly, a stringer welded without a welding bridge, internal mandrel, or internal bag was simulated 
to show its effect on the PVDF melt flow within the joint. Figure 4.33 shows the position of a TCW 
Stringer after 12.5 sec of loading. At the outer edge of the stringer, it is clear that the stringer foot has 
lifted (see Figure 4.34 a)), with a spew fillet observed at the inner edge of the stringer foot (see Figure 
4.34 b)). The separation between the lower adherent and the stringer foot seen in Figure 4.34 a) is 
473.4μm, indicating a deflection of 223.4μm upwards from its initial position. The stringer deflection 
observed caused a rapid decrease in thickness at the inside edge of the stringer foot due to the non-
parallel alignment [29] to a weld polymer thickness of only 26.3μm. 
The severe stringer deflection, as well as the separation between the stringer foot and the skin is cause 
for concern. This type of behaviour can leads to an increase in porosity within the joint, leading to a 
less than ideal strength; as well as, reducing the effective joint cross-sectional area, also leading to a 
decrease in strength. Due to the effects of this loading case that were observed, Loading Case 2 and 
Loading Case 3 were conceived. 
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Figure 4.33: Loading Case 1: TCW Stringer - Vacuum Bag (Atmospheric Differential) Loading Only 
 
 
  
a) b) 
Figure 4.34: Loading Case 1: Detailed Images of Deformed TCW Stringer and Fluid Flow within Joint; a) Outside of 
Stringer Foot, b) Inside of Stringer Foot (𝑡 = 12.5 sec) 
4.6.3 Loading Case 2 – Welding Bridge 
Loading Case 2 was expected to be most like a parallel plate case due to the manner in which the load 
was applied to the stringer foot. As the welding bridge was considered inelastic for the range of loads 
applied, the pressure was applied to the stringer foot using a rigid body (as seen in Figure 4.35) with 
no-slip contact modelled between the welding bridge and the stringer. Figure 4.36 shows (for 𝑡 = 12.0 
sec) that in this loading case, the stringer foot remained parallel. Comparing Figure 4.36 a) to Figure 
4.34 a) shows that the welding bridge is effective in eliminating the stringer flaring under loading, 
with spew fillets beginning to form at both edges. 
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Figure 4.35: Loading Case 2: Identification of Contact Bodies for Welding Bridge 
As the vacuum bag pressure is applied to the top of the welding bridge (seen in Figure 4.32 b)), the 
transferred load which is applied to the stringer foot is greater than that applied due to the atmospheric 
differential applied directly to the stringer foot itself. Assuming a welding bridge width identical to 
the stringer width, and 25mm wide welding bridge supports, a pressure of 249.6 kPa is applied to 
each stringer foot (approximately 2.5 times more than due to the atmospheric differential alone). This 
resulted in an interfacial thickness of 90.3μm across the width of the joint after the 900 sec loading 
period (as presented in Table 4.25), lower than that observed for the parallel plate, and EUA cases 
for a similar joint width (25mm). This difference can be credited directly to the higher pressure 
applied to the joint. The two spew fillets formed at the outside and inside edges of the stringer differ 
significantly due to the geometry at the radius of the stringer foot. The final spew fillet shapes can be 
seen in Figure 4.37 a) for the outside spew fillet, and Figure 4.37 b) for the inside spew fillet. 
 
  
a) b) 
Figure 4.36: Loading Case 2: Detailed Images of TCW Stringer and Fluid Flow within Joint (𝑃 = 249.6 kPa); a) Outside 
of Stringer Foot, b) Inside of Stringer Foot (𝑡 = 12.0 sec) 
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a) b) 
Figure 4.37: Loading Case 2: Spew Fillet Comparisons between Outside and Inside of Stringer Foot, 𝑃 = 249.6 kPa, t = 
900 sec 
To compare this welding bridge case to the parallel plate cases presented in Section 4.5.1, a simulation 
was run with a pressure of 100 kPa applied to the stringer feet. The result of this simulation was nearly 
identical to those seen for the 249.6 kPa case, except for the fact that the thickness reduction within 
the joint was not as large (𝑃 = 249.6 kPa gave ℎ𝑓 = 90.3μm, and 𝑃 = 100 kPa gave ℎ𝑓 = 138.0μm).  
The final thickness of 138.0μm is nearly identical to the 25mm parallel plate case of 139.7μm (as 
seen in Table 4.25); as well as the size of the spew fillet in both cases. 
Both welding bridge cases showed that there was no deformation of the stringer observed for any 
region including the foot, rise, and cap. This is due to the no-slip boundary condition applied to the 
welding bridge-stringer interaction maintaining parallel alignment between the stringer and the skin. 
This loading case fulfils the aim to eliminate stringer flaring. 
4.6.4 Loading Case 3 – Internal Bag 
The final case modelled used an internal bag within the space between the stringer and the skin to 
reduce the possibility of severe stringer deformation and flaring. In this case, an internal pressure (see 
Figure 4.32 c)) of 100 kPa was applied to the stringer to counteract the 100 kPa pressure applied 
externally due to the atmospheric pressure differential. Figure 4.32 c) shows that the internal pressure 
is not applied down to the base of the stringer foot; otherwise, the internal bag may inhibit the polymer 
flow in the X (or lateral) direction, towards the inside of the stringer. Due to this, it was expected that 
there would be some lateral movement of the stringer foot in the positive X direction (towards the 
centre of the stringer). With the application of these loading conditions a small lateral displacement 
of approximately 44μm was observed. 
The lateral movement also had an effect of the parallelism of the stringer foot and the skin with a 
slight angle of attack between the two components observed (≪ 1°); with a thickness difference of 
1.1μm between the outside and inside joint thicknesses. Included in the effects of the stringer 
deformation is its impact on the final thickness, in comparison to the other cases. A final joint 
thickness of 128.3μm and 129.2μm for the outside and inside of the stringer foot respectively were 
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recorded, a decrease in thickness of approximately 10μm in comparison to the parallel plate, EUA, 
and welding bridge cases (𝑃 = 100 kPa). It is known from literature that any misalignment, causing 
non-parallel squeeze flow leads to a higher rate of thickness reduction ((𝑑ℎ 𝑑𝑡⁄ )𝑛𝑃𝑃𝑙
> (𝑑ℎ 𝑑𝑡⁄ )𝑃𝑃𝑙
) 
in comparison to a parallel plate case [29]. With the angle of attack seen, the effect would generally 
not be as large; this significant difference of 7% can also be attributed to the lateral displacement of 
the stringer. The final geometries of the stringer foot and the spew fillets are shown in Figure 4.38. 
 
  
a) b) 
Figure 4.38: Loading Case 3: Detailed Images of TCW Stringer and Fluid Flow within Joint (Total X Displacement); a) 
Outside of Stringer Foot, b) Inside of Stringer Foot (𝑡 = 12.0 sec) 
When comparing the results of each of the loading cases modelled (Table 4.25) it was observed that 
there wasn’t a significant difference observed (Δ > 10%; excluding the welding bridge case loaded 
with a pressure of 249.6 kPa). This is ultimately attributed to the fact that the stringer deformations, 
whether for an initially flat plate, or a TCW stringer are not significant enough to severely alter the 
flow behaviour within the joint. It should be noted however, that this correlation between the cases 
modelled only holds true for the specific cases modelled in this section. For stringers exceeding a 
joint/foot width of 25mm, the results will differ significantly. 
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Table 4.25: Comparison of Results for Each Modelling Case 
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25mm Parallel 
Plate 
Y 139.7 139.7 139.7 - - 1.38 
25mm EUA 
(Updated Prop.) 
N 138.1 143.3 138.1 5.24xxv - 1.36 
Welding Bridge 
– 249.6 kPa 
Y 90.3 90.3 90.3 0.0 0.0 1.63 
Welding Bridge 
– 100 kPa 
Y 138.0 138.0 138.0 0.0 0.0 1.39 
Internal Bag ~Y 128.3 128.9 129.4 1.1 44.1 1.51 
4.7 Computational Information 
By analysing the computational ‘wall timexxvi’ (or run time) gives a clear indication of the complexity 
of each simulation to run through to completion. All simulations were completed on a Dell OptiPlex 
990 with an Intel® Core™ i7-2600 with a CPU operating at 3.40 GHz, with 8 GB of RAM on a 64-
bit operating system. 
Given in Table 4.26 are the typical run times for the 185°C simulations for each level of complexity 
for parallel and initially parallel plates, EUA simulations. It is clear (in the majority of cases) that as 
the complexity of the simulations are increased; firstly using parallel plate with a Newtonian material 
to a non-Newtonian material increases the computational time followed by a subsequent increase 
when modelling EUAs. The computational time increase between each level of complexity ranges 
between 6-117% with an average increase across all cases of 43% (with a single case resulting in a 
decrease of 57%).  
                                                 
xxv This deflection is measured from the centre of the stringer to the outside interface thickness. 
xxvi The ‘wall time’ in MSC Marc and Mentat refers to the period of time it takes a simulation to complete. 
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Table 4.26: Comparison of Computational Wall Times for Parallel and Initially Parallel (EUA) Simulations, in seconds 
[s] 
Simulation Case 12.5mm 25mm 35mm 50mm 70mm 
Parallel (Newt.) 1290 2398 1458 1369 2280 
Parallel (non-Newt.) 2616 2901 3170 1934 2420 
EUA 2846 4314 2018 2171 3207 
The increase between these ‘relatively simple’ cases pale in comparison when compared to the 
increase in computational time required for cases involving the modelling of the fluid bed (as seen in 
Section 4.5.2) and the full stringer (as seen in Section 4.6) as shown in Table 4.27. 
Table 4.27: Comparison of Computational Wall Times for All Cases for ~25mm Wide Joints, in seconds [s] 
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It can be seen that as the complexity continues to increase in the simulations, with the incorporation 
of complex fluid and structure geometries, the computational time beings to increase by over 250% 
(in the case of the Parallel Plate compared to the Fluid Bed simulation). 
4.8 Summary and Conclusions 
It has been shown in this chapter of the thesis that a numerical analysis of squeeze flow within TCW 
joints has been successfully completed for both simple joints (initially flat, parallel plates) and for a 
TCW top-hat stringer. The methods employed have been able to produce results that were otherwise 
unobtainable using purely analytical solutions. It was observed that no one flow behaviour can be 
                                                 
xxvii As reported in Section 4.6.2, this simulation failed to converge at 12.5 sec into the simulation. 
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assumed for all joint widths and geometries; for example, the flow behaviour for a 25mm joint with 
an EUA differs greatly to that of a 70mm stringer with an EUA. 
Of significant interest resulting from the research presented in this chapter was the in-flow behaviour 
observed for simulations containing an EUA, specifically 50mm and 70mm wide joints. This 
behaviour was not observed for the standard joint (or stringer foot) width identified for use in TCW 
(~25mm); however, this observation is critical for a full understanding of welding situations using 
unique joint geometries. 
For the welding of non-flat, TCW stringers (Figure 4.30), three potential bagging techniques were 
identified and modelled. This research provided conclusive evidence that the use of a welding bridge 
or internal bag alleviates the potential of stringer flaring, ensuring the increased likelihood that 
maximum joint strength is obtained due to perfect contact between the stringer and the skin. 
 
Figure 4.39: Inset of Figure 4.3, Joint Edge Showing Modified Spew Fillet 
This research has also provided a quantitative method for conducting post-welding inspections aimed 
at determining the final thickness reduction within a joint. In the studies presented it is assumed that 
the final shape of a spew fillet will always be in the form of a bead; however, for cases in which the 
release film(s) within the vacuum bagging assembly come into contact with the PVDF squeezed out 
a triangular fillet is observed (seen in Figure 4.39). In these cases the spew fillet width or height 
cannot be used to estimate the internal thickness. The spew fillet area can be estimated by measuring 
the dimensions of the triangular fillet and relating this directly to the interfacial thickness. 
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Chapter 5 Air Migration Studies 
5.1 Introduction 
Through a detailed analysis of squeeze flow within TCW joints using analytical and numerical 
methods, an understanding of the flow behaviour has now been developed. However, an aspect 
missing from this investigation is the transport and removal of air and voids from within the interface 
of a TCW jointi. In literature (Section 2.5) the most common method of identifying the effectiveness 
of void removal within thermoset and thermoplastic interfaces is through an experimental analysis 
[44, 131]. 
Presented in this chapter is an experimental investigation into void transport and removal within TCW 
joints. Detailed is the methodology, results, and a discussion on the effects of three parameters 
including joint width, joint rigidity, and joint interfacial surface roughness combination. Joint width 
(as seen in Section 4.5.1) significantly impacts flow behaviour within a joint, as joint width increases 
flow displacement magnitudes decrease. Joint rigidity directly effects the magnitude of deflection of 
the upper adherent (as was seen in Section 4.5.3), either increasing or decreasing net flow (apparent 
in the spew fillet size) and in some cases causing a restriction of flow at the centre of a joint (e.g. 
50mm and 70mm joints). The joint laminate surface roughness will impact both the amount of air 
initially within an interface, and the potential availability of paths for air removal. 
The results of the three parameters were analysed using Non-Destructive Testing (NDT) in the form 
of phased-array ultrasonics, and optical inspection of the embedded specimens. Through these 
methods conclusions have been formed as to the effects of each of these practical considerations 
investigated. 
5.2 Specimen Manufacturing 
For each set of specimens welded, a lower adherent consisting of 16 plies was manufactured (with 
the layup seen in Equation 5.1), with a total size of 300mm x 300mm. 
 [0/90]4𝑠  5.1 
To identify the effect of joint rigidity, two layups for the upper adherent were manufactured, these 
consisted of 8-ply and 16-ply layups with three sets of each laminate thickness produced (see 
Equation 5.2 and Equation 5.3 respectively). CLT was used to calculate the bending stiffness of the 
                                                 
i The squeeze flow analysis conducted assumed a void free fluid domain, with complete intimate contact assumed. 
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upper adherent (using the room-temperature prepreg material properties in Table 3.4); the stiffness 
of the 8-ply and 16-ply laminates are 53.5 GPa and 66.3 GPa respectively (in the 0° and 90° 
directions). 
 [0/90]2𝑠 5.2 
 [0/90]4𝑠 5.3 
Two common surface profiles are produced in autoclave-cured laminates due to the vacuum bagging 
process; these are the tool surface (with a smooth surface) and the bag surface (with a rougher textured 
profile across the entire surface). A common method of co-curing TCW-ready laminates positions 
the PVDF layer in direct contact with the tool, which results in the tool surface profile (as seen in 
Figure 1.2). However, to produce the bag surface the PVDF layer was co-cured as the last layer in 
the stack. The surface profile itself was achieved by using a layer of breather ply during co-curing as 
a part of the vacuum bagging setup; hence, a typical surface profile that could be seen when co-curing 
TCW joints. The PVDF and breather were separated by a Teflon film to ensure that the breather did 
not adhere to the breather (a schematic of the layup sequence for the surfaces are shown in Figure 
5.1: a) tool, and b) bag). 
 
a) 
 
b) 
Figure 5.1: Schematic of Layup Sequence Used for Smooth and Rough Surfaces; a) Tool Surface, b) Bag Surface 
Tool Plate 
Release Film – Airtech W5200 
Thermoplastic Film – PVDF 
Epoxy Prepreg – M21 UD 
Release Film – Airtech W5200 
Breather Ply 
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The ‘bag surface’ profile produced was characterised using optical microscopy, indicating a PVDF 
thickness between 120-150μm; a representation of the surface roughness can be seen in Figure 5.2. 
This agreed with surface profile measurements made using a surface profilometer which gave an 𝑅𝑞 
and 𝑅𝑎 value of 29.6μm and 23.7μm respectively (as shown in Figure 5.3). 𝑅𝑞 corresponds to the root 
mean squared deviation of the measured surface profile, and 𝑅𝑎 corresponds to the arithmetical mean 
deviation of the measured surface profile [200, 201]. The 𝑅𝑎 and 𝑅𝑞 values measured for the ‘tool 
surface’ were consistently below 1μm. TCW joints might be made with adherents having either a tool 
surface or a bag surface. Therefore three surface roughness combinations were investigated in this 
study: Smooth-Smooth (SS – tool surface to tool surface), Smooth-Rough (SR – tool surface to bag 
surface), and Rough-Rough (RR – bag surface to bag surface). 
  
a) b) 
Figure 5.2: Surface Roughness Profile; a) RPS_1-2, b) RPS_2-2 
 
Figure 5.3: Depiction of Surface Roughness Profile [201] 
Finally, to investigate the effect on air removal of joint width upper adherents with widths of 10mm, 
20mm, 30mm, 40mm, 50mm, and 70mm were chosen for welding; all with a total length of 300mm. 
To account for the upper adherent joint rigidities, and the three surface roughness combinations, a 
PVDF 
0° ply 
90° ply 
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total of six sets of specimens were manufactured as detailed in Table 5.1. Figure 5.4ii shows a lower 
adherent with the upper adherents in the background. 
Table 5.1: Manufactured Specimen Sets for Void Transport and Removal Investigation 
Set No. Joint Width 
Lower Adherent 
Roughness 
Upper Adherent 
Roughness 
Upper Adherent 
Ply No. 
1 All Widths Smooth Smooth 8 (~1mm thick) 
2 All Widths Smooth Smooth 16 (~2mm thick) 
3 All Widths Smooth Rough 8 (~1mm thick) 
4 All Widths Smooth Rough 16 (~2mm thick) 
5 All Widths Rough Rough 8 (~1mm thick) 
6 All Widths Rough Rough 16 (~2mm thick) 
 
Figure 5.4: Smooth Lower Adherent with Rough Upper Adherents 
Prior to welding, all specimens (lower and upper adherents) were dried in an oven (at 60°C) for 24 
hours. This was to ensure that any dissolved moisture within the laminates to be welded was reduced. 
If this step was not conducted prior to welding it would have been difficult to differentiate between 
voids present due to trapped air in the interface or moisture that caused voids to develop due to the 
creation of steam, and the subsequent presence of voids within the interface. Therefore, the presence 
of any voids identified within the welded interface are highly likely to be due to air trapped at the 
beginning of the welding stage. 
                                                 
ii Figure 5.4 shows a joint width of 60mm which was not welded to the lower adherent; also seen is a 5mm joint that was 
welded, but was not inspected using NDT or optical microscopy methods. 
Lower Adherent 
Upper Adherents 
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Once each set of specimens had been dried, they were setup for welding on a single tool plate as seen 
in Figure 5.5 a); therefore, the welding conditions were identical for each specimen set. Each panel 
was cleaned with Isopropanol with a flash-off time of at least 30 minutes for each adherent. The 
standard TCW welding cycle was used (see Figure 1.3) with the actual welding cycle shown in 
Appendix E, Figure 8.11; a set of specimens post-welding can be seen in Figure 5.5 b). A schematic 
of the vacuum bagging for the specimens seen in Figure 5.5 a) can be seen in Figure 5.6. 
  
a) b) 
Figure 5.5: a) Panel Ready for Welding, b) Panel Post-Welding 
 
Figure 5.6: Schematic of Layup Sequence Used for the Welding of the Joints seen in Figure 5.5 
5.3 Experimental Methodology 
As this investigation was aimed at identifying the presence of voids within experimentally welded 
TCW joints, two methods of inspection were used: phased-array ultrasonic NDT and optical 
microscopy. 
5.3.1 Phased-Array Ultrasonics – Non-Destructive Testing 
The entire welded area of each joint was inspected using phased-array ultrasonics. Phased-array 
ultrasonics were chosen due to its advantages compared to other ultrasonic NDT methods, such as 
Tool Plate 
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Vacuum Bag 
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through-thickness transmission. Phased-array ultrasonics provide three types of ultrasonic images: 
A-scan, S-scan, and C-scan (as presented in Figure 5.7). 
Prior to this study, phased-array ultrasonic inspection was conducted using a couplant gel and a 
tracking wheel to locate the probe and measure movement; however, this did not lead to repeatable 
results. For this study, each welded specimen was inspected with the specimen and ultrasonic probe 
submerged in a water bath (see Figure 5.8) allowing for greater consistency and repeatability between 
scans, similar to the method used by Yang and Pitchumani [131]. Additionally, the probe was 
mounted on an actuator frame for accurate monitoring of the ultrasonic probe movement necessary 
when conducting multiple passes. 
 
Figure 5.7: Typical Output for a Phased-Array Ultrasonic Inspection; a) A-Scan Profile, b) S-Scan Profile, c) C-Scan 
Profile (40mm, 16 ply, Smooth-Smooth) – Joint Edge Marked in Yellow 
a) b) 
c) 
100mm 
40mm 
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Figure 5.8: Scanning Setup for Air Migration Specimens 
Through the three images produced, the void size and shape as well as the depthiii of the void was 
identified (by analysing the C-scan and S-scan images respectively, seen in Figure 5.7). Therefore, 
by post-processing the phased-array scans a comparison between the practical considerations could 
be formed and conclusions drawn. 
5.3.2 Optical Microscopy 
The second method of inspection used was optical microscopy to confirm the presence of voids within 
the welded interface providing a representative cross-section with the potential to identify voids not 
visible using phased-array ultrasonics. Each joint was sectioned 100mm from the end of the right-
hand side of the joint as presented in Figure 5.7 c) once NDT scanning had been completed. Once the 
joints were sectioned they were potted in a casting epoxy to allow for polishing of the cross-sectioned 
joint. Once potted each specimen underwent four grinding stages, progressing from course to fine 
silicon-carbide sandpaper; this was followed by two polishing stages using fibrous mats with a 
diamond suspension. All specimens were polished with a similar method, however the period of time 
at each stage of grinding and polishing varied slightly. The optical microscopy images correlate 
directly to the S-scan produced by the phased-array ultrasonic inspections. All images were taken on 
a Leica optical microscope with a camera attached to take the cross-sectional images shown in this 
                                                 
iii The depth resolution allowed for differentiation between a void located in the PVDF layer or within the laminate itself. 
Ultrasonic Probe 
Specimens in 
Water Bath 
Water Bath 
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chapter. The measurements (such as interfacial thickness) were performed using the image analysis 
software provided by Leica. 
5.4 Results and Discussion 
By post-processing the C-scan images corresponding to each joint, the total void area within each 
joint could be characterised. For example, Figure 5.9 shows the C-scan image for a 40mm wide, 8 
ply thick, SS joint; the location of the voids are clearly seen characterised by the red and yellow 
regionsiv. For this welded joint approximately 12.5% of the joint area contained voids, potentially 
reducing joint strength as well as introducing stress concentrations. The result of the image processing 
for each welded joint can be seen in Table 5.2. 
 
Figure 5.9: C-Scan Image for Welded TCW Joint – 40mm, 8 ply, Smooth-Smooth 
Table 5.2: Interfacial Void Percentages within Welded TCW Joints 
Width 
8 ply 16 ply 
SS SR RR SS SR RR 
10mm 4.6% 4.5% 0.3% 0.1% 25.4% 0.6% 
20mm 8.6% 6.1% 0.1% 5.6% 1.2% 0.1% 
30mm 9.9% 11.3% 0.1% 7.6% 3.6% 0.0% 
40mm 12.5% 13.3% 0.1% 7.8% 6.9% 0.1% 
50mm 7.8% 9.2% 0.0% 9.0% 4.9% 0.0% 
70mm 11.1% 15.6% 0.1% 10.1% 7.3% 0.0% 
Table 5.2 shows consistently that the RR combination is the most effective for the reduction of voids 
within welded TCW joints; this encompassed all joint widths and adherent thicknesses. The other 
methods of void reduction such as minimising joint width and increasing adherent thickness (and 
therefore joint rigidity) cannot be deemed suitable methods as these methods were inconsistent; and 
                                                 
iv Note: the entire scanned area does not constitute the entire welded area of the joint; part of the scanned image is the 
lower adherent. Therefore, some red and yellow regions recorded fall outside of the welded region with voids located 
within the spew fillets. Figure 5.7 show a representation of the joint area in a scan, each specific joint area has not been 
shown in each image. 
Void 
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where they did show some consistency, the void percentages were a magnitude larger than for the RR 
joints. 
As observed in Chapter 4 deflection occurs for an elastic stringer during welding under a uniformly 
distributed load. Therefore, with a higher upper adherent stiffness it was expected that a smaller 
stringer deflection would occur allowing for greater void removal. However, the results seen in Table 
5.2 were not conclusive; in most cases the 16 ply joint performed better (yet with some cases the 
opposite occurred, e.g. 10mm SR, 50mm SS). 
The joint width appears to have an insignificant effect on reducing voids as joint width is decreased; 
the only cases that showed any consistency to this trend were the SS joints. For the 16 ply joints, an 
increase in width resulted in an increase of trapped voids; yet, for the 8 ply joints this trend was not 
observed. 
Through this work conducted in this study, a typical void percentage of less than 1% is achievable 
with the correct surface profile combination; however, whether this also indicates the minimum void 
percentage fit for service is a different matter. For TCW joints, a SLS strength of 30 MPa is normally 
regarded as a minimum, with previous tests conducted by CRC-ACS indicating that 35 MPa is 
consistently achievable. In comparison to the yield strength of PVDF of 41-55 MPa [182, 189], it is 
apparent that a void percentage of 15% and potential up to 36% could still provide SLS strengths of 
at least 35 MPa. Yet, the in-service performance of an aircraft joint containing voids within the welded 
interface could lead to cyclic loading fatigue and ultimately failure of the joint; especially when 
observing the void present in a 70mm wide, 8ply joint (Figure 5.21 a)). 
5.4.1 Effect of Initial Interfacial Surface Roughness 
The most significant, and clearly observed practical consideration of this study was the initial 
interfacial surface roughness combination. As described in Section 5.2, the smooth surface was 
provided using the tool surface and the bag surface was provided using a standard non-woven breather 
during the co-curing stage to make a surface with a variation of 30μm in height. Firstly, the difference 
between the SS and SR combinations will be discussed, followed by the effect of the RR combination. 
Table 5.2 shows that a SR combination does not always provide greater void reduction than the SS 
combination, this is especially notable for the 8 ply joints. A comparison of the 30mm joints for an 8 
ply adherent can be seen in Figure 5.10. For the SS (Figure 5.10 a)) and SR (Figure 5.10 b)) 
combinations a very similar void percentage has been observed, with a different void distribution 
within the joint observed (discussed further in Section 5.4.2). From the optical microscopy conducted, 
a void located within the interface shown in Figure 5.10 b) can be seen in Figure 5.11. As was 
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identified in literature, any voids trapped within the interface are elliptical and elongated in the 
direction of flow [44, 45, 47]. 
 
a) 
 
b) 
Figure 5.10: Initial Interfacial Surface Roughness; a) 30mm, 8 ply, Smooth-Smooth, b) 30mm, 8 ply, Smooth-Rough 
 
Figure 5.11: Void Located within 30mm, 8 ply, Smooth-Rough Joint 
Figure 5.12 shows an example where the SR interface has assisted in void reduction; Figure 5.12 a) 
shows the void distribution for a SS combination with a SR combination shown in Figure 5.12 b). As 
the greater void reduction with the smooth-rough interface has been observed for nearly all of the 16 
ply joints it is expected that the adherent thickness is a contributing factor in this result (see Section 
5.4.2 for further discussion). A void corresponding to the scan shown in Figure 5.12 a) can be seen 
in Figure 5.13. Additionally, the distribution of the voids seen in Figure 5.12 b) can be clearly seen 
in the optical microscopy image for the same joint in Figure 5.14. 
Void 
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a) 
 
b) 
Figure 5.12: Initial Interfacial Surface Roughness; a) 50mm, 16 ply, Smooth-Smooth, b) 50mm, 16 ply, Smooth-Rough 
 
Figure 5.13: Void Located within 50mm, 16 ply, Smooth-Smooth Joint 
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Figure 5.14: Void Located within 50mm, 16 ply, Smooth-Rough Joint 
The void percentage within the welded interface are significantly less than that obtained for the lowest 
SR surface combination (lowest SR: 1.17%, highest RR: 0.58%). These results are very promising as 
they provide a method of void reduction that is capable of providing void percentages of less than 1% 
for all configurations (which is very important for the 50mm and 70mm wide joints). 
Figure 5.15 shows the difference between a 20mm, 8 ply joint for the three surface roughness 
combinations. Figure 5.15 c) shows a clear indication that the RR combination is the most effective 
for removing voids from within a welded TCW interface. The void percentages for the joints shown 
in Figure 5.15 are 8.65%, 6.08%, and 0.08% for the SS, SR, and RR interfaces. Figure 5.16 also 
shows the weld quality for a RR, 8 ply joint with widths of up to 70mm showing void free interfaces; 
Figure 5.21 shows the effects for SS and SR joints with high interfacial void contents for the same 
joint width.  
 
a) 
Section 5.4  Results and Discussion 
186 
 
b) 
 
c) 
Figure 5.15: Initial Interfacial Surface Roughness; a) 20mm, 8 ply, Smooth-Smooth, b) 20mm, 8 ply, Smooth-Rough, c) 
20mm, 8 ply, Rough-Rough 
 
Figure 5.16: Void Free Interface for 70mm, 8 ply, Rough-Rough Joint 
The effect of the RR interface observed in Figure 5.15 c) is recorded in literature as engineered 
vacuum channels in the surface of prepreg materials to facilitate air removal [44]. Even though the 
surface roughness hasn’t been ‘engineered’ for this exact purpose, it shows the value of creating paths 
for the migration of air out of the interface of a welded TCW joint. The interface shown in Figure 
5.17 is characteristic of the entire length of the 70mm cross-sectioned joint with no voids identified 
indicating perfect intimate contact. Figure 5.18 shows the presence of a void within the spew fillet of 
a RR specimen showing evidence that the air initially trapped within the interface found a path out of 
the joint. With all voids transported into the spew fillet, or out of the joint completely, this allows for 
perfect healing of the welded interface. 
Therefore, for TCW joints to be welded without the presence of voids within the interface using a RR 
combination is most likely to produce the highest quality welds, regardless of the deflection of the 
upper adherent or the width of the joint to be welded. The absence of voids within the RR welded 
TCW joints was confirmed by all of the optical microscopy images of the cross-sectioned RR joints.  
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Figure 5.17: Absence of Voids Observed within the 70mm, 8 ply, Smooth-Smooth Joint 
 
Figure 5.18: Void Located within the Spew Fillet of a Rough-Rough Joint (10mm, 16 ply, Rough-Rough) 
5.4.2 Effect of Adherent Thickness 
Even though the 16 ply joints were seen to reduce the void percentage within the interface for most 
of the welded joints (e.g. 20mm SS joint; 8 ply = 8.63%, 16 ply = 5.55%), the magnitude of void 
reduction is not large enough to recommend this method of void reduction (when compared to the 
effectiveness of the RR surface roughness combination). Generally, to decrease laminate deflection 
an increase in thickness is required increasing laminate weight; for most aerospace applications an 
increase in weight is undesirable as weight is always minimised wherever possible. 
An effect of the 16 ply adherent observed shows a grouping of voids towards the edge of the joint. 
Figure 5.19 a) shows the distribution of voids for an 8 ply joint where the voids are grouper within 
the centre of the stringer (with a void located in the interface seen in Figure 5.20); however, the 16 
ply joint (Figure 5.19 b)) shows that the restriction on the movement of voids is reduced; the presence 
of the voids in Figure 5.19 b) can be seen in the optical microscopy image in Figure 5.14 (8-ply: 
9.15%, 16-ply: 4.94%). 
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a) 
 
b) 
Figure 5.19: Comparing Upper Adherent Thickness; a) 50mm, 8 ply, Smooth-Rough, b) 50mm, 16 ply, Smooth-Rough 
 
Figure 5.20: Void Located within 50mm, 8ply, Smooth-Rough Joint 
Another interesting effect observed for the 16 ply joints showed a greater distribution of voids 
throughout the joint compared to the grouping seen for 8 ply joint; this effect is closely related to the 
effect seen in Figure 5.19. Figure 5.21 a) shows the grouping of voids identified for an 8 ply joint 
(11.14%) in comparison to the distribution seen for the 16 ply joint (10.12%) in Figure 5.21 b). With 
greater adherent thickness resulting in less adherent deflection, the path of escape for the voids is seen 
to increase. The high presence of voids within the laminate was also observed when analysing the 
optical microscopy images of the 16 ply, 70mm SR joint in Figure 5.22, with three separate voids 
identified across the cross-sectioned joint. 
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a) 
 
b) 
Figure 5.21: Comparing Upper Adherent Thickness; a) 70mm, 8 ply, Smooth-Smooth, b) 70mm, 16 ply, Smooth-
Smooth 
   
a) b) c) 
Figure 5.22: Voids Identified within 70mm, 16 ply, Smooth-Rough Joint 
The grouping of voids for the joint seen in Figure 5.21 a) is backed up by the simulation results shown 
in Section 4.5.3. These simulations showed for 70mm wide joints a significant portion of the loading 
period (~50% of the loading period for the 185°C case) in-flow was recorded towards the centre of 
the joint, causing the centre of the joint to increase in height before decreasing. It was suspected that 
this behaviour would have an effect on the trapping of voids within the interface as has been observed 
and confirmed in the study presented in this chapter. 
It can be seen in Table 5.2 that the adherent thickness does not have a significant effect on the RR 
joints. This is due to the effectiveness of the RR interfacial surface roughness for removing voids 
from within both 8 ply and 16 ply adherents (as was discussed in Section 0). 
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5.4.3 Effect of Joint Width 
Figure 5.23 shows each joint width for the 16 ply SS joints, the only set of joints which showed a 
consistent trend with a decreasing percentage of voids as width was reduced. The voids percentages 
obtained for each joints can be seen in Table 5.2. Figure 5.23 b) and Figure 5.23 c) show a void 
distribution tending towards the edge of the joint, however it shows that the voids lack an escape path 
out of the joint. As the stringer width increases, the voids tend towards the centre of the joint due to 
deflection of the upper adherent (as discussed in Section 5.4.2). 
a) 
 
b) 
 
c) 
 
d) 
 
e) 
 
f) 
 
Figure 5.23: Comparing Joint Width, 16 ply, Smooth-Smooth; a) 10mm, b) 20mm, c) 30mm, d) 40mm, e) 50mm, e) 
70mm 
As seen in Table 5.2, even with a reduction in joint width, the reduction in voids is not considerable 
enough to recommend this method for reducing voids. Additionally, this method would not be 
possible if joint widths had to exceed widths of approximately 20mm. To show the ineffectiveness of 
reducing the joint width, Figure 5.24 a) and Figure 5.24 b) show the presence of voids within 10mm 
and 20mm joints respectively when imaging using optical microscopy. Compared to the void 
reductions obtained by the rough-rough interfacial combination reducing joint width is not 
recommended. 
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a) 
 
b) 
Figure 5.24: Voids Located within Low Width Joints; a) 10mm, 8ply, Smooth-Rough, b) 20mm, 8ply, Smooth-Smooth 
5.5 Summary and Conclusions 
The findings reported in this chapter are critical to the reduction of voids within TCW joints. The 
experimental study conducted for this thesis has shown that regardless of the joint width, or upper 
adherent thickness a void free interface has been obtained. All welded joints with a rough-rough initial 
interfacial roughness combination provided a void percentage across the welded area of 1% or less, 
with an average of 0.1%. 
Taking into consideration the three parameters investigated in this study for void reduction in TCW 
joints, the rough-rough initial interfacial surface roughness combination has been identified as the 
most suitable method of void reduction. This method allows for any joint configuration to be welded 
without any restriction on joint width or thickness (likely to be dependent on the design optimisation 
and the application of each joint (e.g. fuselage component, non-structural support). Up until now 
nearly all joints have been made using a smooth-smooth surface configuration. The vacuum bagging 
techniques used here for welding TCW joints are effective when paired with the rough-rough 
configuration, allowing for pre-existing tooling and equipment to be used. 
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It is recommended that for the greatest reliability of a welded TCW joint, a rough-rough configuration 
be used to eliminate as many potential sources of failure as possible. 
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Chapter 6 Healing Investigations 
6.1 Introduction 
Through a detailed literature review, the fundamentals of polymer healing for amorphous and semi-
crystalline polymers has been reported in Section 2.6 and Section 2.7. The reptation time is the most 
important parameter for the welding of thermoplastic polymers, as it determines the welding time 
necessary to regain the bulk strength of the polymer [122, 126-128]. As the thermoplastic polymer of 
interest, PVDF, is semi-crystalline it must be welded above its melting temperature otherwise 
polymer chain movement will be hindered by the crystalline phase [51, 118, 121-123, 125, 137]. 
Polymer chain dynamics and the healing of thermoplastic polymers are highly complex phenomena 
and require a detailed knowledge of the polymer itself. Due to this, an experimental investigation is 
presented in this chapter as a significant amount of unknown material data specific to PVDF is 
required for an analytical investigation. The two focuses of this chapter were welding temperature 
and time, and their effects on the weld quality of a representative TCW joint. This was achieved 
through a parametric study using Single Lap Shear (SLS) specimens. To weld the test specimens, an 
experimental rigi was designed which was capable of closely controlling the start and end of the weld 
period desired. The effects observed due to the parametric study are reported and discussed in Section 
6.4ii. For this study, full healing is characterised by failure within any interface other than the welded 
interfaceiii. 
6.2 Specimen Manufacturing 
The prepreg used for the manufacturing of the SLS specimens were Hexcel HexPly® M21 laminas 
(M21/35%/134/T700GC); the PVDF used was Solvay 9009 (as indicated in Table 3.1). Figure 6.1 
shows the total size of each panel produced (300 x 300mm), with eight plies all orientated in the 0° 
direction. The specimen manufacturing was guided by prEN2243-1 - Structural Adhesives Test 
Methods - Part 1 - Single Lap Shear Aerospace Series and AITM 1-0019 - Determination of Tensile 
Lap Shear Strength of Composite Joints [148, 149].  Prior to the laminate being placed onto the tool 
plate for co-curing, an 80mm x 300mm film of PVDF was laid up on the tool side of the prepreg 
laminate (see Figure 6.1). The panels were co-cured with the PVDF side on the tool and a caul plate 
                                                 
i A list of design iterations of the methodologies for the rapid cooling of the tool plate are presented in Appendix H. 
ii The investigation presented in this chapter does not include intimate contact. 
iii This point does not necessarily indicate that the weld conditions used has ensured that the weld interface has reached 
the bulk strength of the PVDF; however, once failure occurs outside of the welded interface the strength of the weld must 
then exceed the strength of surrounding interfaces. 
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placed on the opposite side to ensure an even panel thickness. A release film (Airtech W5200) was 
used between the tool and the laminate, and the caul plate and laminate. 
 
Figure 6.1: Layup of SLS Testing Panels Prior to Co-Curing 
Once the panels were co-cured (using the M21 curing cycle seen in Table 3.6), they were trimmed 
back to 300mm x 300mm due to epoxy resin flow and then cut down the centre of the PVDF strip 
ready for the welding stage (to be discussed in detail in Section 6.3).  
6.3 Experimental Methodology 
As the welding time is of great interest for this study, three important setup methods were used to 
control the welding time and temperature as accurately as possible. These were the use of a spring 
setup to keep the two welding surfaces separate during heating to the weld temperature, the use of a 
cooling tool plate to rapidly cool the welded specimens as quickly as possible, and a set of 
thermocouples to monitor the temperature. The springs used were two small flat metal springs (30 x 
40mm, with a 30mm long centre prong) with a thickness of 0.5mm (Figure 6.2 a)), the centre prong 
was bent to support the upper SLS panel being welded; the use of these springs can be seen in Figure 
6.2 b). 
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a) 
 
b) 
Figure 6.2: Springs used for Healing Testing Welding 
The springs shown in Figure 6.2 a) can be seen in Figure 6.2 b) supporting the upper SLS panel. This 
setup ensures that, during heating and the equalisation periods, the two surfaces do not come into 
contact, thus preventing the healing process from beginning before it is intentionally started. The two 
panels are brought into contact to begin the healing process by applying vacuum within the bag; the 
atmospheric differential applies the consolidation pressure to the panels. Figure 6.2 b) also shows the 
two other setup methods used for accurately controlling the weld time and weld temperature; these 
are the cooling tool plate and the thermocouples. The cooling tool plate was constructed using two 
plates of aluminium, with one of the plates slotted forming channels within the tool plate when the 
two plates were bolted together. The tool plate was attached to a liquid nitrogen supply which could 
be switched on when cooling was required. By connecting the thermocouples seen in Figure 6.2 to 
Springs 
Thermocouples 
Cooling 
Tool Plate 
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the cooling tool plate itself, a rate of cooling of 13°C/min was obtained in a test without the SLS 
panels on the tool plate (see Figure 6.3; a heating rate of 1.9°C/min is shown). Finally, the 
thermocouples could not be embedded into the interface due to potential adverse effects on the 
strength; therefore, three thermocouples were placed at the edge of the PVDF strip embedded in the 
lower SLS panel being welded. The temperature was monitored using a data-logger and computer. 
 
Figure 6.3: Calibration Cooling Cycle – Maximum Cooling Rate Obtainable 
The welding cycle used for these TCW specimens differed slightly to the conventional TCW cycle 
presented in Figure 1.3. A modified welding cycle was used to allow for controlled periods of 
welding; this cycle can be seen in Figure 6.4 and is described in Table 6.1. 
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Figure 6.4: Welding Cycle for Healing Testing Specimens 
Table 6.1: Welding Cycle for Healing Testing Specimens (Detailed Description) 
Step Method 
Heating 
Heat to the welding temperature at 2°C/min, ensuring that the temperature does 
not overshoot by more than 1°C when approaching the weld temperatureiv. 
Equalisation 
Once each of the thermocouples read a temperature at/above the weld 
temperature the equalisation period of 10 min begins. 
Welding 
Once the equalisation period has elapsed, vacuum is applied within the bag to 
bring the two surfaces into contact. 
Cooling 
Once the welding time has elapsed, opening the oven door and the liquid nitrogen 
cooling system are initiated simultaneously. 
Each panel was welded with a joint overlap of 12.5mm [148, 149]. Three welding times and 
temperatures were investigated; times: 0 sec, 40 sec, and 915 sec, and temperatures: 165°C, 175°C 
and 185°Cv. Once all of the panels were welded, specimens were cut to a width of 25mm and a length 
of 200mm. After cutting, each specimen was measured to determine the exact lap length and specimen 
width for post-processing to calculate the SLS strength. Eleven specimens were tested for each 
configuration, with at least 7 specimensvi used for the calculation of the average SLS strength. 
                                                 
iv An example weld temperature of 185°C is shown in Figure 6.4. 
v This was not the original parametric study conceived; a further discussion is found in Section 6.4. 
vi Specimens were eliminated from the SLS calculation if they failed within the grips, slipped from the grips, or didn’t 
fail across the entire interface (generally caused by failure in the grips). 
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The specimens were tested in an Instron Electromechanical Test Frame, Model 5584 gripped within 
hydraulic clamps. Each specimen was tested at a loading rate of 3000N/min until failure within the 
lap itselfvii. The load and extension data was recordedviii for each specimen, an example of a load-
displacement curve can be seen in Figure 6.5 for the SLS specimens welded at 185°C for a welding 
time of 40 sec. As well as the maximum load, the shape of the curve is also of importance when 
determining the failure mode. Figure 6.5 shows that there is consistency between specimens tested 
giving confidence in the cross-head displacement measurement method used. 
 
Figure 6.5: Instron Bluehill 3 Output – Load-Displacement Curve for SLS Specimens (185°C, 40 sec) 
6.4 Results and Discussion 
To form a baseline, the welding cycle shown in Figure 6.4 (with a weld time of 915 sec) was used 
without the rapid cooling system, the assembly was cooled at ~2°C/min (designated by NC – Normal 
Cooling). The SLS strength obtained for these baseline specimens was 37.35 MPa (with a St. D. of 
0.34 MPa, and CoV of 0.9%); the minimum SLS strength that is required for TCW joints is 30 MPa. 
Once the baseline specimens were produced, the main parametric study was carried out. The SLS 
strength of each of the specimen sets welded is shown in Table 6.2, including the standard deviation 
and the coefficient of variation for each data set; the same data is plotted using box plots shown in 
                                                 
vii Each specimen failed within the lap; a few specimens slipped from the grips at high loads (>8kN), if this occurred they 
were retested. 
viii Extension data was recorded using the cross-head displacement. As the cross-head data was not used in this 
investigation (only the load data was of importance) it was deemed a suitable for this measurement. 
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Figure 6.7ix. The welding time for each of the specimen sets was controlled within ±0.5 sec, however 
it is important to note that during cooling the polymer chains can continue to migrate across the 
welded interface until the recrystallisation temperature has been reached, at which point the 
crystalline phase of the polymer begins to form (this period of time is indicated in Table 6.2x). The 
cooling rate from each experiment was calculated from the measured thermocouple data and then 
inputted in Equation 3.15 to determine the recrystallisation temperature for that run. This then 
provided an indication at which time point full healing ceased, allowing for the time between cooling 
initiation and the recrystallisation start to be determined. This explains how SLS strengths are 
obtained for specimen sets welded for a period of 0 sec; these specimens were brought into contact 
and then cooled immediately. 
The cooling tool plate used for the welding of these specimens always showed even cooling across 
the welded interface (see Figure 6.6) with the three thermocouple curves overlaying one another 
during cooling, especially between the weld temperature and recrystallisation temperature (indicated 
by the green line in Figure 6.6). 
 
Figure 6.6: Temperature Profile for SLS Panel Welded at 185°C for 40 sec 
Table 6.2: SLS Strengths and Exact Weld Times from the Parametric Study of Welding Time and Temperature 
Weld 
Cycle 
Healing 
Cooling Rate 
(°C/min)xi 
SLS Strength 
(MPa) 
St. D. 
(MPa) 
CoV 
(%) 
165°C – 0 sec 0 sec 18.6 1.31 0.27 20.3 
                                                 
ix The plots shown in Figure 6.7 only shown specimen data for 175°C and 185°C specimen sets due to the spread if the 
165°C specimen sets were included. To see the box plots with all data plotted see Figure 8.13 in Appendix F. 
x An additional weld period between the weld temperature and the recrystallisation temperature is not given for the 165°C 
specimens as the PVDF structure was never fully-amorphous; therefore, the crystallisation dynamics in this case are 
unknown. 
xi The variation in the cooling rate is due to the type of LN dewar used. The higher the volume of LN within the dewar, 
the higher the cooling rate and vice versa. A box plot distribution of the cooling rates can be found in Figure 8.12, in 
Appendix F. Note that there are no outliers (outside of the 93rd percentile): this distribution gives a standard deviation of 
2.5°C/min. 
Healing Time 
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165°C – 40 sec 40 sec 14.2 1.11 0.51 46.1 
165°C – 915 sec 915 sec 15.0 (welded panel failed prior to cutting) 
175°C – 0 sec 126 sec 13.7 31.46 1.49 4.7 
175°C – 40 sec 156 sec 15.4 31.93 3.75 11.8 
175°C – 915 sec 1051 sec 11.3 34.42 0.74 2.2 
185°C – 0 sec 140 sec 17.6 36.32 0.33 0.9 
185°C – 40 sec 232 sec 11.5 36.45 0.47 1.3 
185°C – 915 sec 1099 sec 12.6 36.54 0.29 0.8 
185°C – 915 sec 
(NCxii) 
1569 sec 1.8 37.35 0.34 0.8 
Table 6.2 shows that all specimens, welded at 175°C and above, reached an average SLS strength of 
at least 30 MPa, with the specimen sets welded at 185°C clearly achieving the greatest weld strength 
(also observed in Figure 6.7). No specimen sets were welded at 195°C as failure within the welded 
interface was not observed for any of the 185°C specimen sets welded for 40 sec or greater. The 
greater the welding temperature, the lower the reptation time for any given thermoplastic polymer; 
therefore, welding at 195°C would only increase the reptation time. By limiting the welding 
temperature at 185°C, this avoids exposing the laminate to temperatures that could lead to thermal 
degradation of the thermoset polymer matrix of the laminatexiii. 
                                                 
xii NC denotes the normal cooling cycle used for this specimen to form the baseline SLS strength. 
xiii The glass transition temperature of the M21 epoxy once cured is 203°C, see the following reference: 
171. HexPly M21/1 (M21/35%/134/T700GC). 2007  [cited 2013 15th January]. 
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Figure 6.7: SLS Box Plots for 175°C and 185°C Specimen Setsxiv 
The specimen sets welded at 165°C formed weld strengths much less than the required 30 MPa, with 
the 0 sec and 40 sec specimens achieving a SLS strength of 1.31 and 1.11 MPa respectively; the 915 
sec panel failed prior to individual specimen cuttingxv. 
The low SLS strength of the 165°C specimen sets can be attributed to the welding temperature below 
the endothermic peak temperature and the fully-amorphous temperature of the PVDF used in this 
study, neither of which are reached by heating the polymer to 165°Cxvi (see Table 3.8 and Table 3.9). 
This indicates that the weld interface would still have contained a crystalline phase in the polymer, 
hindering the polymer chain movement across the interface [51, 118, 121-123, 125, 137]. The strength 
obtained for the specimens welded at 165°C (see Table 6.2) would have been due to the small amount 
of healing between the amorphous phase regions of the polymer on either side of the interface. 
As the SLS strength of both the 175°C and 185°C specimen sets exceeded 30 MPa (Table 6.2) a 
further analysis for the differences was required. This analysis consists of an inspection of the fracture 
                                                 
xiv For the 175°C 915s set of specimens shown in Figure 6.7, the maximum bar is nearly identical to the top of the blue 
box, therefore at the resolution shown it cannot be seen. See inset at the lower RHS of Figure 6.7 for the maximum of this 
set of data. 
xv Only three SLS specimens were successfully cut for the 0 sec and 40 sec specimen sets welded at 165°C. 
xvi The heating cycle used ensured that the temperature did not overshoot allowing for crystalline phase to be destroyed; 
therefore, the crystalline phase would have been present at the weld interface. 
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surface of each specimen and the correlation between the fracture surface and the load-displacement 
curve recorded when testing. 
There were three types of failure observed in the specimens tested: failure only at the weld interface 
(only seen for the 165°C specimens), failure at the co-cured interface combined with failure at the 
weld interface, and complete failure at the co-cured interface, shown in Figure 6.8 a), Figure 6.8 b), 
and Figure 6.8 c) respectively. Figure 6.8 a) shows failure of the weld interface as both surfaces 
remained identical to the condition of the surfaces prior to welding, with no PVDF from one surface 
left deposited on the opposite side. Figure 6.8 b) shows a combination of failure at the co-cured 
interface, characterised by regions where the substrate can be seen; and, failure of the weld interface 
where PVDF remains on both sides of the interface with a course surface observed. Finally, Figure 
6.8 c) shows failure at the co-cured interface; with failure occurring in both of the co-cured interfaces 
and meeting at the centre of the specimen where the PVDF shows a yielding behaviour. 
 
 
a) 
 
 
 
b) 
 
Failure at the Co-
Cured Interface 
Failure at the Weld 
Interface 
Failure at the Weld 
Interface 
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c) 
Figure 6.8: Types of Failure Observed in the SLS Specimens; a) Failure at the Weld Interface (165°C, 40 sec), b) 
Failure at the Co-Cured Interface and Failure at the Weld Interface (185°C, 0 sec), and c) Failure at the Co-Cured 
Interface (185°C, 40sec) 
The load-displacement curves provide an insight into the manner in which each specimen failed. 
Figure 6.9 shows three curves for each of the joint failure modes observed in Figure 6.8, with an 
additional curve showing the load-displacement curve for the baseline specimens. The staggered 
nature of the curves is characteristic of load-displacement data recorded using the cross-head 
displacement of the Instron test frame. 
 
Figure 6.9: Load-Displacement Curves for Different Joint Failure Modes (WI: Weld Interface, CCI: Co-Cured 
Interface) 
Failure at the weld interface only is identified by a sharp peak, characteristic of catastrophic failure 
without any plastic deformation (or yielding) of the weld material; in these cases once fracture is 
initiated in the weld interface it rapidly propagates (seen for the 165°C – 0 sec and 40 sec specimens). 
The combination of failure at the co-cured interface and failure at the weld interface is identified by 
Failure at the Co-
Cured Interface 
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a yielding behaviour of the PVDF (identified by the non-linear behaviour near the maximum load) 
followed by rapid crack propagation at the weld interface (e.g. 175°C specimens). And finally, failure 
solely at the co-cured interface is characterised by a smooth continuous curve peaking at the 
maximum load (seen for the 185°C specimens). It is important to identify the similarities between 
this last case and the baseline specimens, as it shows that the rapid cooling of the specimens did not 
affect the failure behaviour. Therefore, before analysing the fracture surfaces an indication of the 
failure mode is given by the load-displacement curves. The shapes of the curves observed in Figure 
6.9 are characteristic of the joint failure modes described in Table 6.3. 
Table 6.3: SLS Strengths, Joint Failure Modes, and Joint Failure Surfaces from Parametric Study of Welding Time and 
Temperature for TCW Joints 
Weld Cycle 
SLS Strength 
(MPa) 
Joint Failure Mode Joint Failure Surfacexvii 
165°C – 
0 sec 
1.31 weld interface 
 
165°C – 
40 sec 
1.11 weld interface 
 
165°C – 
915 sec 
N/A weld interface N/A 
175°C – 
0 sec 
31.46 
co-cured interface, weld 
interface  
175°C – 
40 sec 
31.93 
co-cured interface, weld 
interface  
175°C – 
915 sec 
34.42 
co-cured interface, weld 
interface  
185°C – 
0 sec 
36.32 
co-cured interface, weld 
interface 
 
185°C – 
40 sec 
36.45 co-cured interface 
 
185°C – 
915 sec 
36.54 co-cured interface 
 
                                                 
xvii There are slight variations in the colour of the PVDF at the interface due to the lighting present when each photograph 
was taken; e.g. 185°C – 915 sec vs. 185°C – 915 sec – NC. 
Section 6.5  Summary and Conclusions 
206 
185°C – 
915 sec – NC 
37.35 co-cured interface 
 
Both sets of 165°C specimens had only failure at the weld interface, with an average SLS strength of 
1.31 MPa and 1.11 MPa for the 0 sec and 40 sec welding periods, well below the allowable SLS 
strength. However, it still serves of interest to see that for a semi-crystalline polymer, welded below 
its melting temperature, some small amount of strength was formed even for the 0 sec welding time. 
The fracture surfaces of the 175°C specimens clearly show that complete healing of the weld interface 
has not been achieved under these specific conditions. It can be seen in Table 6.3 and Figure 6.7 that, 
as the weld time is increased, the SLS strength in turn increases as well; the 175°C specimens welded 
for 915 sec almost reach the strengths achieved by the 185°C specimens. It is expected that if the 
welding time could be substantially increased (>915 sec) the specimens welded at 175°C would 
achieve complete healing; however, as the aim is to optimise the welding process and limit the time 
of exposure of the CF/epoxy laminate to elevated temperatures, this is not a desirable option. 
For specimens welded at 185°C, full healing was achieved for the specimens with a welding time of 
40 sec or greater. The specimens brought into contact and immediately cooled (185°C – 0 sec) showed 
the same failure mode as the 175°C specimens, with weld strengths close to those seen for the baseline 
specimens. This can be attributed to the degree of healing achieved for the 185°C – 0 sec specimens, 
with a similar SLS strength within the welded interface achieved to the co-cured interface. The 40 
sec and 915 sec specimen sets show failure at the co-cured interface which is a typical characteristic 
of failure in ‘fully welded’ TCW joints. All three specimen sets welded at 185°C had nearly identical 
SLS strengths and a close grouping of data for the specimens tested (seen in Figure 6.7). The load-
displacement curves of the 40 sec and 915 sec weld times also closely resemble the load-displacement 
curves seen for the baseline SLS specimens. The slightly higher SLS strength measured for the 
baseline SLS specimens may be due to normal variation, subtle changes in residual stresses from the 
slower cooling rate, or the formation of a larger weld bead that formed at the joint edges (potentially 
influencing the stress concentrations at the edge of the weld). 
6.5 Summary and Conclusions 
As identified in the literature, the reptation time of a polymer is the controlling parameter for healing 
of thermoplastic interfaces; even though the reptation time for PVDF has been explicitly calculated 
it was observed that the reptation time for PVDF is significantly shortened when heated to 185°C. 
For example, specimens welded at 185°C for all welding times had SLS strengths in excess of 36 
MPa (even though the 185°C, 0 sec specimens showed partial failure at the weld interface). 
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Specimens welded at temperatures below 185°C only achieved a similar SLS strength when welded 
for a long period of time (~15 min). To achieve complete healing at the welded interface it is 
recommended that a minimum welding temperature of 185°C is used, with a welding time of at least 
40 sec. However it is expected that if a welding time of 0 sec was to be used with a conventional 
2°C/min cooling rate, full healing would likely be achieved. 
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Chapter 7 Conclusions 
In this concluding chapter the overall outcomes of the thesis are discussed, linking back to the 
motivation, scope, and objective of the PhD stated in Chapter 1. The scope of this thesis was to create 
new knowledge associated with the welding cycle of TCW, with an emphasis on the strength 
development of the welded interface within TCW joints. The objectives defined in Chapter 1 in order 
to fulfil the defined scope were: 1) to develop a fundamental understanding of weld polymer flow 
and healing during the welding stage of TCW joints (presented in Chapter 4 and Chapter 6); 2) to 
understand the effect of different factors on flow and healing during welding, including: temperature 
(presented in Chapter 4 and Chapter 6), pressure (presented in Chapter 4), time (presented in Chapter 
4 and Chapter 6), and joint geometry (presented in Chapter 4 and Chapter 5); 3) to optimise welding 
processes for greatest efficiency and minimum rework rate (presented in Chapter 6); 4) to minimise 
possible adverse effects from thermal exposure of adjacent laminates (presented in Chapter 6); 5) to 
advise on practical limits for the size of welded joints under standard welding conditions (presented 
in Chapter 4 and Chapter 5); 6) to examine different welding conditions, a) the conditions necessary 
to establish acceptable healing of the thermoplastic/thermoplastic interface during welding (presented 
in Chapter 6), b) the conditions necessary for sufficient flow to establish a visible weld bead 
(presented in Chapter 4); and 7) to produce a joint formation model which may form the basis of a 
tool for use in production (presented in Chapter 7, in Section 7.2). These objectives were successfully 
met through the work presented in each of the chapters of this thesis, leading to the conclusions and 
the design recommendations presented below. 
7.1 Conclusions 
Although a number of the topics (including squeeze flow and healing) have been studied for over 100 
years in some cases, there still existed gaps in literature pertaining to the materials used in this 
research. Previous work presented in literature would have been capable of describing the phenomena 
‘expected’ to occur during the welding of TCW joints, however it was only capable of providing a 
foundational understanding. The work presented in this thesis describes the conditions necessary to 
form a fully welded TCW joint with the materials identified to be utilised on future generations of 
aircraft. 
Investigations into the properties of the constituent materials used in the TCW technology formed the 
basis of the research presented in Chapter 3. This chapter provided: 
DSC Investigation 
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 A linear relationship between the rate of heating and cooling with the fully-amorphous and 
re-crystallisation temperature respectively. 
 A set of guidelines for experimental investigations conducted in Chapter 6, with an initial 
indication that welding conducted below 185°C may result in insufficient healing. 
Rheometric Investigation 
 Results that indicted that PVDF polymer melts when loaded behave as a pseudoplastic fluid 
with a dependence on shear-rate within a temperature range of 165-195°C. 
 Viscosity data critical for the accurate numerical modelling (FEA) of polymer melt flow 
within TCW joints (Chapter 4). 
Mechanical Testing 
 Results showing that matrix dominated properties of cured unidirectional laminas were 
severely reduced at elevated temperature (185°C), with fibre dominated properties unchanged 
compared to room temperature (~25°C). 
 Material properties vital for the accurate numerical modelling of adherent elastic deformation 
within FEA simulations (Chapter 4). 
Through the numerical investigations presented in Chapter 4, the flow behaviour of the PVDF 
polymer melt within a TCW joint was identified. From this chapter it was learnt that: 
 Modelling the weld polymer melt material as a non-Newtonian (pseudoplastic) fluid is critical 
for an accurate analysis of the flow behaviour. 
 Flow behaviour is highly dependent on stringer width (e.g. 25mm vs. 70mm). 
 An in-flow behaviour occurs for joints widths of 50mm and larger when modelling an EUA. 
 The in-flow behaviour (seen in the 50mm and 70mm joints) causes the joint thickness at the 
centre of a stringer to increase during the loading period, before decreasing in thickness. 
Chapter 4 culminated in a FEA simulation of a top-hat stringer loaded using three different methods, 
identifying the viability of each. The results in Section 4.6 identified that: 
 Welding of a top-hat stringer should be conducted using either a welding bridge or an internal 
bag, avoiding ‘flaring’ of the stringer and maintaining contact between the top-hat stringer 
and skin. 
Through an extensive parametric study an overview of void transport within TCW joints was gained 
in Chapter 5. This investigation clearly showed: 
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 A bag-bag interfacial surface combination consistently provided the lowest void percentages 
(< 1%, average 0.1%). 
 A reduction in joint width or increase in joint rigidity is not likely to assist in void reduction. 
Finally, Chapter 6 gave insight into the polymer healing dynamics of PVDF when welded at 
temperatures below and above the fully-amorphous temperature. Overall it was observed that full 
healing is more sensitive to the welding temperature than the welding time. Analysis of the results 
indicated that: 
 Welding conducted below the fully-amorphous temperature is impractical due to the 
restriction of movement of the polymer chains. 
 Welding above the fully-amorphous temperature gave joints exceeding the required 30 MPa 
SLS strength for TCW joints. 
 Specimens welded at 185°C showed the greatest consistency and the highest SLS strengths; 
all specimen set strengths exceeded 36 MPa (36.32 MPa, 36.45 MPa, and 36.54 MPa for 0 
sec, 40 sec, and 915 sec respectively). 
 Analysing the failure surface shows that full healing was achieved for specimens welded at 
185°C, for all weld times at or above 40 sec. 
7.2 Design Recommendations – Welding TCW Joints 
Through the research conducted for the completion of this thesis, a number of design 
recommendations are proposed to ensure the quality of a welded TCW joints. Three major design 
recommendations (DRs) that summarise the conclusions are as follows: 
DR 1. Welding should occur at 185°C, with a minimum weld time of 40 seconds. Reason: 
this ensures full healing of the weld polymer interface. 
DR 2. A rough-rough initial interfacial surface texture combination should be used. Reason: 
this ensures that for any joint width or rigidity that there are paths of escape for any air which 
may otherwise become trapped within the welded interface. 
DR 3. When using a vacuum bag to apply pressure top-hat stringers should be welded using 
a welding bridge or an internal bag. Reason: these two methods prevent flaring of the top-hat 
feet, stopping the stringer deformation and ensuring that the entire stringer foot comes into 
contact with the skin (or lower adherent). 
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7.3 Future Work 
7.3.1 Experimental Validation of FEA Simulations 
When conducting studies into the squeeze flow of the PVDF polymer melt within TCW joints an 
experimental validation was attempted; this test compared parallel disc simulations to specimens 
tested in a Dynamic Mechanical Thermal Analysis (DMTA) machine capable of applying a constant 
load to two parallel discs. The experimental results produced were not consistent and the test rig could 
not be aligned perfectly, breaking the parallel plate assumption. It is recommended that experimental 
validations of the squeeze flow be conducted using an apparatus that can be aligned perfectly (or at 
least with greater precision than the apparatus used here in initial testing). 
7.3.2 Further Detailed FEA Simulations 
Due to the complexity of including voids within the FEA simulations the models produced focussed 
on squeeze flows for interfaces in perfect intimate contact. This led to the experimental investigation 
into void migration and removal presented in Chapter 5. To further the FEA simulations, it would be 
of great interest to be able to model intimate contact processes and the transport and removal of air 
trapped within the weld polymer interface, eliminating lengthy experimental investigations. 
7.3.3 Software Tool Development 
It would be of significant interest to produce and develop a software tool for the design of TCW 
joints. This could not only provide a simple tool for the conceptualisation of various TCW joints in 
the design of aircraft, but could also become a source of commercialisation. Using the simulations 
produced for this thesis as a foundation, further material properties could be measured and used to 
produce a greater set of data for input into such a tool. 
7.3.4 Investigation into Different Surface Roughness Profiles 
As discussed in Section 5.2 the bag or rough surface profile was manufactured using an impression 
of a breather ply to form the surface asperities. Even though the consistency and regularity of the 
surface profile measured for the specimens shown in Chapter 5 was good, this method for producing 
this textured surface is not perfectly repeatable. To ensure that the same surface roughness profile 
could be reproduced time and time again, it is recommended that a small study be conducted using a 
textured material which can be produced within set tolerances for each batch manufactured. The 
breather ply does not conform to this requirement as it consists of randomly orientated fibres, as well 
as being susceptible to modification during handling (for example, stretching/compacting of the 
breather will change the surface profile). 
Chapter 7  Conclusions 
213 
 
7.3.5 Finer Thermal Control of Experimental Welding Studies 
The methods used for the thermal control of the TCW specimens in Section 6.3 were sufficient for 
the scope of this work and its future applications. However, to understand the kinetic behaviour of 
the polymer chains in greater detail an experimental study with finer thermal analysis and control 
would have been required. This form of investigation would allow for the development of a predictive 
tool for the optimisation of the welding process in greater detail than reported in this thesis. 
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Chapter 8 Appendices 
Appendix A Hot Press Setup for Rheometric Specimens 
 
Figure 8.1: Hot Press used to Form PVDF Sheet used in Rheometric Investigations 
 
Figure 8.2: Mould used within Hot Press to Form PVDF Sheet used in Rheometric Investigations 
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Appendix B Maximum Strain for Top-Hat Stringer (FEA) 
 
Figure 8.3: Point of Maximum Strain within Top-Hat Stringer during TCW Stringer Welding 
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Appendix C Full Stress-Strain Curves 
 
Figure 8.4: Full Stress-Strain Curves for Tensile Testing – 0° UD Specimen – Room Temperature – Axial Strain 
(mm/mm) vs. Tensile Stress (MPa) 
 
Figure 8.5: Full Stress-Strain Curves for Tensile Testing – 0° UD Specimen – Elevated Temperature – Axial Strain 
(mm/mm) vs. Tensile Stress (MPa) 
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Figure 8.6: Full Stress-Strain Curves for Tensile Testing – 90° UD Specimen – Room Temperature – Axial Strain 
(mm/mm) vs. Tensile Stress (MPa) 
 
Figure 8.7: Full Stress-Strain Curves for Tensile Testing – 90° UD Specimen – Elevated Temperature – Axial Strain 
(mm/mm) vs. Tensile Stress (MPa) 
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Figure 8.8: Full Stress-Strain Curves for Tensile Testing – 45° UD Specimen – Room Temperature – Shear Strain 
(mm/mm) vs. Tensile Stress (MPa) 
 
Figure 8.9: Full Stress-Strain Curves for Tensile Testing – 45° UD Specimen – Elevated Temperature – Shear Strain 
(mm/mm) vs. Tensile Stress (MPa) 
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Appendix D Volume Disparity Issues 
When measuring the spew fillet size in comparison to the amount of fluid that had been displaced out 
of the joint it became apparent that an issue had arisen. The spew fillet volume did not equal the 
displaced volume of fluid that should have been present in the spew fillet. Volume was being lost 
throughout the simulation with the issue becoming worse after each successive iteration. After 
investigating this imbalance it became apparent that the tolerances assigned to convergence for each 
increment was set too high. By reducing the residual force tolerance and the relative displacement 
tolerance to 0.01 (1%) volume loss was not of concern; total fluid volume change of less than 1% 
was achieved. In some cases the total fluid volume had been reduced by over 20%, well over the 
allowable tolerance. This issue was not immediately apparent as the analytical and FEA solutions 
were still in agreement when comparing the thickness evolution. 
Reducing the tolerance was the solution to the issue, but it caused the simulations to fail prior to the 
desired 900 second simulation period. As the matrix solver was failing to effectively produce a 
solution, this effected the convergence of the simulation. As can be seen in Figure 8.10, if 
convergence is not achieved the iteration is recycled; at a specified number of recycles the simulation 
will terminate when a limit is reached. After delving into the MSC Marc/Mentat user manuals it 
became apparent that the most efficient setup was not implemented. When forming a new simulation 
is MSC Marc/Mentat the ‘default’ matrix solver is not the most reliable. It was mentioned in Section 
4.3 that a direct method should be used to solve the stiffness matrix for rigid-plastic materials. The 
default solver ‘multifrontal sparse’ does not generally converge for the tolerances selected; however, 
the ‘Pardiso direct sparse’ solver provided more highly efficient simulations and is recommended for 
Windows systems [202]. When running the Pardiso direct sparse solver each time step converged 
without the need to reduce the time step through iteration loops. 
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Figure 8.10: MSC Marc/Mentat Flow Diagram  [203] 
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Appendix E Actual Welding Cycle for Air Migration Specimens 
 
Figure 8.11: Actual Welding Cycle for Air Migration Specimens 
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Appendix F Box Plot for Cooling Rates 
 
Figure 8.12: Box Plot for Cooling Rates Obtained during Cooling of Healing Testing Specimens 
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Appendix G Box Plot for all SLS Specimen Sets 
 
Figure 8.13: SLS Box Plots for 165°C, 175°C, and 185°C Specimen Sets 
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Appendix H Cooling Tool Plate Design 
This appendix gives a brief discussion on the design iterations necessary to optimise the operation of 
the cooling tool plate used for rapidly cooling the specimens presented in Chapter 6. 
The design iterations consisted of a conception stage, three testing stages, followed by the finalisation 
of the cooling tool plate. The conception stage began by determining the essential capabilities of the 
cooling tool plate, including minimum size, material choice, etc. In this stage the design of the cooling 
tool plate was completed, with a general design consisting of two plates of aluminium bolted together 
(one plate containing machined cooling channels, 6mm thick; and one flat plate, 3mm thick). Initial 
designs identified a water and air combination as the fluid to be pumped through the cooling channels. 
However, it was identified that the design was not sufficient to withstand the pressure from the 
compressed air. The design was modified to account for the required internal pressure; yet, the rigidity 
of the non-machined plate was not great enough resulting in bulging of the tool surface which is 
unsuitable for welding. To eliminate the bulging, a thicker 6mm plate of aluminium was installed in 
place of the flat 3mm plate initially used. This design modification eliminated the bulging under 
pressure; finally, it was determined that the water and air combination for the cooling fluid was too 
complex. The final modification saw a change to the cooling liquid from water and air, to nitrogen 
gas. The nitrogen gas could be connected directly to the cooling tool plate reducing the complexity 
of the design. 
The final design used for the cooling tool plate consisted of two 6mm plates of aluminium, one with 
3mm deep and 4mm wide channels machined into the plate. The nitrogen gas was plumbed into the 
tool plate using copper tubing with three entry points into the plate at one end, with three individual 
exits at the opposite end of the plate. The cooling tool plate was designed to contain a 300 x 300mm 
plate and a vacuum port within its boundaries. An image of the final design can be seen in Figure 
8.14 and Figure 8.15; with the cooling tool plate in the oven ready for welding with a specimen 
bagged shown in Figure 8.16. 
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Figure 8.14: Cooling Tool Plate – Inlet Tubing Design 
 
Figure 8.15: Cooling Tool Plate – Side View 
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Figure 8.16: Setup of Cooling Tool Plate 
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